The role of proline residue to the thermostability of proteins. by Ma, Hoi-Wah. & Chinese University of Hong Kong Graduate School. Division of Biochemistry.
The Role of Proline residue to the 
Thermostability of Proteins 
•... � . -
售 
MA Hoi-Wah ‘ 
A thesis submitted in partial fulfillment 
of the requirement for the Degree of 
Master of Philosophy 
in 
Biochemistry 
© The Chinese University of Hong Kong 
July 2005 
The Chinese University of Hong Kong holds the copyright of this thesis. Any person(s) intending to 
use a part or whole of the materials in the thesis in a proposed publication must seek copyright release 
from from the Dean of the Graduate School. 
-f 
統系馆書圖 i，、 






. . i 
•J." 
Acknowledgements 
My deepest gratitude should be expressed to my supervisor, Dr. Kam-bo Wong for his 
guidance, patience and support. I would like to thank him for giving me the opportunity to 
learn and get into the protein structural research. 
I would like to thank Dr. Denise S.-B Chan for her mental and technical support in the 
good days and bad days during the 2-year MPhil studies. I have been working harder than I 
believe with Dr. Chan's continuous encouragement. I would like to thank Mr. Chi-fung Lee 
for his kindness in sharing his data and his enthusiasm in research. Mr. Lee has been giving 
me answer whenever I meet questions in my research. 
That is because I have Miss Lai-on Chu, Miss Sonia Lam and Mr. Ka-ming Lee with me 
in my days in MMW507, my time in laboratory is fun and fruitful. Special thanks is given to 
Miss Ting Li, she is such a nice person to give out a helping hand to the needy. 
I 
Abstract 
Ribosomal protein L30e from Thermococcus celer, a hyperthermophilic archeaon, is 
thermostable and has a melting temperature of 95°C; while its mesophilic homologue from 
yeast irreversibly denatures at 45°C. From sequence-structure comparison, the thermophilic 
homologue has more ion-pairs, more proline residues, and better helix-capping. Both the 
conserved proline residue, Pro43 and the non-conserved ones Pro59, 77 and 88 of T. celer 
L30e were mutated to alanine and glycine. Proline residue was substituted to the 
corresponding positions in the mesophilic homologue to verify its contribution to stability. 
The stability of these mutants were measured by guanidine-induced and thermal denaturations 
by circular dicroism spectroscopy. All glycine mutants and only P59A among alanine mutants 
were destabilized. The configuration entropy loss was compensated in most of the the 
Pro—Ala mutations, but it was only demonstrated in the destabilization of the Ala—Gly 
mutations. The special ring structure in proline gives insight in explaining the stability of the 
mutants. The complications brought by Pro->Ala mutation are largely caused by the released 
of the backbone amide group. The released amide forms hydrogen bond with the surrounding 
hydrogen acceptor. Better helix capping residue, new hydrogen bond formation and better 
hydration in the mutant also stabilize the protein. 
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Chapter One Introduction 
It is of high academic interest to study how thermophilic proteins remain stable at 
high temperatures because the lesson leamt can be applied to improve thermostability 
of industrial proteins, empowering them to work efficiently at elevated temperatures. 
Proteins from naturally occurring thermophiles, which adapt to grow at high 
temperatures (55-110°C)，are good models for investigation of the rules for 
thermostability. These proteins are intrinsically more stable at high temperatures. By 
comparing their sequences and detailed structures of these thermophilic proteins, we 
hope to discover some rule to maintain thermostability. 
1.1 Interactions that stabilize proteins 
The thermostability cannot be determined only by looking at the amino acid 
composition(Bohm and Jaenicke 1994), because there are large variations in amino 
acid composition among the thermophilic genome. So the distribution of the residues 
and their interactions in the protein are more relevant to the stability. 
Thermophilic proteins attain its thermostability with different strategies. They include 
greater hydrophobicity, better packing, deletion or shortening of loops, smaller and less 
numerous cavities, increases surface area buried upon oligomerization, amino acid 
substitution within and outside the secondary structures, increased occurrence of 
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proline residue and disulphide bonds(Van den Burg, Vriend et al. 1998)，increase 
hydrogen bonding and salt bridge. 
Hydrophobic interaction is generally known as the main driving force of protein 
folding and stability (Dill 1990; Makhatadze and Privalov 1995). Some cavity-filling 
mutant proteins, i.e. substitute a small hydrophobic residue with a larger residue, were 
created and tested for their stabilities. The stability of cavity-filling mutants of GroEL 
mini-chaperone increased more than 1 kcal mol'' (1 kcal mor '= 4.184kJ mol"^) (Wang, 
Buckle et al. 1999; Wang, Buckle et al. 2000). The role of hydrophobic interactions was 
also illustrated by the cavity-creating mutation, in which large residue at the core being 
replaced by smaller non-polar residues. Experiments on bamase (Fersht 1985; Kellis, 
Nyberg et al. 1989; Serrano, Kellis et al. 1992), staphylococcus nuclease (Shortle, Stites 
et al. 1990)，gene 5 of bacteriophage fl (Sandberg and Terwilliger 1991) and T4 
lysozyme (Matsumura, Becktel et al. 1988; Matsumura, Wozniak et al. 1989) showed 
that truncation of one methyl group at the side chain loses up to 2.5 kcal mol"', typically 
1.5 士 0.5 kcal mor'(Pace 1992). In the crystal structures of a number of 
"cavity-creating" leucine-to-alanine mutants of T4 lysozyme, there are some side chain 
rearrangements observed to fill up the cavity. The size of the cavity had a good 
correlation with the loss of stability (Eriksson, Baase et al. 1992). However, the 
destabilization due to cavity-creating mutation is dependent on the side chain 
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rearrangement, i.e if other side chains fill up the newly formed cavity, the 
destabilization is minimal; on the contrary, if the largest cavity is created and is not 
filled, a large destabilization can be observed(Matthews 1993). Side chain 
rearrangements(Takano, Ogasahara et al. 1995; Takano, Yamagata et al. 1997; Wallon, 
Kryger et al. 1997; Britton, Yip et al. 1999) and better packing(Vogt and Argos 1997; 
Hasegawa, Shimahara et al. 1999) cause change in stability is widely observed in many 
proteins. However, the hydrophobic core of mesophilic and hyperthermophilic proteins 
is often similar (Karshikoff and Ladenstein 1998). Even the mesophilic proteins are 
packed efficiently and there is little room for improving the inner core of the protein 
(Vieille and Zeikus 2001). The role of packing in stabilizing thermophilic proteins at 
high temperature is also challenged by the insignificant difference in packing between 
mesophilic and thermophilic proteins. 
Hydrogen bonds play a role in thermostable proteins to maintain their stability. 
(Alber 1989) Increased number of hydrogen bond(Macedo-Ribeiro, Darimont et al. 
1996; Pfeil, Gesierich et al. 1997) and charge-to-neutral hydrogen bond(Tanner, Hecht 
et al. 1996) found in thermostable homologue was one of the ways that the thermophilic 
protein maintain their thermostability. Hydrogen bonding of tyrosine in the tightly 
packed interior of folded RNase Sa protein is more favourable than similar interactions 
with water in unfolded protein(Pace, Horn et al. 2001). However, like many other 
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stabilizing interactions, the effect of hydrogen bonds is highly context dependent. Some 
studies said that the stabilizing effect of burial hydrogen bond is strong(Pace 2001), but 
some suggested that it is highly context dependent(Takano, Scholtz et al. 2003). In 
terms of stabilizing effect, hydrogen bonds are comparable to the hydrophobic 
interaction, for individual hydrogen bond contributes an average of 1.3 kcal mol"' to the 
stabilization (Shirley, Stanssens et al. 1992). 
Helix capping is one of the stabilizing factors brought by hydrogen bonds. Better 
N-capped and C-capped residues increase the free energy of unfolding. The asparagines 
replaced by serine and theonine at N-cap(Serrano and Fersht 1989; Serrano, Neira et al. 
1992; Serrano, Sancho et al. 1992) and glycine residue(Preissner and Bork 1991) at 
C-cap can increase the free energy of unfolding by 0.9-1.2 kcal mol''. If the N-cap is not 
desirable, the N+2 becomes the surrogate N-cap like in the case of T4 lysozyme(Bell, 
Becktel et al. 1992). Another example of a single cap residue alters the whole protein 
stability is the GCN4 leucine zipper (Lu, Shu et al. 1999). For the internal position of 
helices, alanine is the most stabilizing residue and proline and glycine are destabilizing 
(Lyu, Liff et al. 1990; O'Neil and DeGrado 1990; Gans, Lyu et al. 1991; Horovitz, 
Matthews et al. 1992; Sauer, San et al. 1992; Zhang, Baase et al. 1992). The preference 
of residues at N-cap and C-cap, for the propensity of the helix and the internal position 
is well characterized (Fersht 1993). However, the effects are still position and context 
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dependent. 
Electrostatic interaction was found to be another stabilizing factor in a number of 
studies. Inter-subunit ion pairs (Russell et al. 1997; Bell et al. 2002) and intra-subunit 
ion pairs are the factors for maintaining the protein stable. In a statistical comparison 
(Bohm and Jaenicke 1994; Szilagyi and Zavodszky 2000) of the structure, sequence 
(Deckert, Warren et al. 1998), and the amino acid composition between mesophilic and 
thermophilic proteins(Fukuchi and Nishikawa 2001), it was found that there are more 
charged amino acids in thermophilic proteins. Correlation drawn between the charged 
mutant and the thermostability (Cambillau and Claverie 2000) and computational 
calculations (Kumar and Nussinov 1999; Xiao and Honig 1999) suggests that the 
electrostatic interactions are crucial to the thermostability. The evolutionary conserved 
charged amino acids usually located at the surface form salt bridges that give protein 
thermostability (Vogt, Woell et al. 1997; de Bakker, Hunenberger et al. 1999; Alsop， 
Silver et al. 2003). Some of the studies(Usher, de la Cruz et al. 1998) and computer 
calculations(Hendsch and Tidor 1994) argue against the contribution of ion pairs to 
stability. The studies on cold shock protein family show that optimizing the 
electrostatic interactions can enhance stability, even by substitution at one single 
solvent exposed residue (Perl, Mueller et al. 2000; Perl, Holtermann et al. 2001; Perl 
and Schmid 2001; Dominy, Perl et al. 2002; Martin, Kather et al. 2002). The data show 
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that the stabilization may come from long-range charge-charge interaction rather than 
specific salt bridge (Grimsley, Shaw et al. 1999; Loladze, Ibarra-Molero et al. 1999; 
Ramos, Kay et al. 1999; Spector, Wang et al. 2000; Martin, Sieber et al. 2001). 
Other stabilization factors such as shorter loops, decreasing conformational 
flexibility of the denatured state, stabilization of secondary structures have been 
proposed and reported to change the stability of proteins (Querol, Perez-Pons et al. 
1996). 
1.2 Some common strategies of protein engineering to improve thermostability 
Complete genome of mesophilic, thermophilic and hyperthermophilic organisms 
are sequenced and the sequences are available for comparison, which vastly improves 
the general trends in structural evolution related to thermostability(Thompson and 
Eisenberg 1999). To overcome the lack of structural data, by sequence comparison and 
homology modeling, the sequence can be modeled to a known structure for further 
analysis(Chakravarty and Varadarajan 2000; Chakravarty and Varadarajan 2002). 
The "consensus approach" is based on the assumption that conserved residues 
from alignment of homologous amino acid sequences contribute more to stability 
(Steipe，Schiller et al. 1994; Steipe 1999; Lehmann, Kostrewa et al. 2000; Lehmann, 
Pasamontes et al. 2000; Lehmann and Wyss 2001; Steipe 2004). The consensus concept 
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was well demonstrated in phytase (Lehmann, Loch et al. 2002). However, the short 
coming of this technique is that the consensus approach does not always select for the 
most stabilizing amino acid for a given position in the protein. 
Another way of improving thermostability is by gene shuffling. In this technique, 
new sequence of gene is assembled from fragments of digested gene fragments of a 
pool of the homologues genes. New sequences having higher stability are selected via 
screening of the library of mutants (Ness, Welch et al. 1999; Arnold 2001; Sakamoto, 
Joern et al. 2001). 
1.3 Ribosomal protein Thermococcus celer L30e as a study model for 
thermostability 
Ribosomal L30e protein from Thermococcus celer, a hyperthermophilic archaeon 
that grows at an optimal temperature of 85°C, is our study model. L30e belongs to the 
large subunit of the ribosome and the protein contains a RNA-binding motif that is 
conserved across different genomes including the archaeal and eukaryotic genome. 
T. celer ribosomal L30e is monomeric, small (100 amino acids and llkDa) and 
disulphide bond lacking protein. These features make the protein easy to handle. A 
detailed purification protocol has been set up for obtaining pure protein, at mg level, for 
thermodynamics measurements and structural studies(Wong, Lee et al. 2003). Crystal 
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structure (PDB ID 1 H7M)(Wong, Wang et al. 2001; Chen, Bycroft et al. 2003) and 
solution structure from NMR spectroscopy (PDB ID IGOO and lG01)(Wong, Lee et al. 
2003) of our target protein is available. T. celer L30e protein has an a/p/a sandwich fold 
structure. 
The thermodynamic parameters of our model protein are obtained previously. The 
melting temperature of T. celer L30e is 94°C and the free energy of unfolding is 45 kJ 
mor'(Wong, Wang et al. 2001; Chen, Bycroft et al. 2003). It is a very thermostable 
protein. 
Mesophilic homologue of T. celer L30e is available; that is the yeast ribosomal 
L30e protein. Structure of this protein from NMR spectroscopy and crystallography are 
available (free protein PDB ID lCK9(Mao and Williamson 1999); mRNA bound PDB 
ID lCN9(Mao, White et al. 1999); Maltose-binding fusion protein (PDB ID INMU) 
(Chao, Prasad et al. 2003)). The mesophilic homologue denatured irreversibly at 45°C 
and the free energy of unfolding at 25°C is 14kJ mol''. 
The structures of L30e of thermophilic and mesophilic proteins from T. celer and 
yeast are very similar, with Ca r.m.s.d. of 2.0A (Figure 1.1). Their amino acid 
sequences share 37% identity. Despite the higher similarities in their structures and 
sequences, they have vastly difference in stabilities. 
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國 
T. celer L30e ^ ^ Yeast 
Figure 1.1 Ribbon diagram of L30e from T.celer (left) and yeast (right). 
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1.4 Extra proline residue is one of the insights by comparing the two proteins 
Sequence alignment and structure comparison between the two proteins show that 
there are a few factors that may stabilize the thermophilic T. celer L30e. The 
thermophilic homologue has 1) 3 extra proline residues; 2) extra oppositely charged 
residues balancing the electrostatic charges; 3) better helix capping residues. 
From sequence alignment by ClustalW (Thompson, Higgins et al. 1994) of ribosomal 
L30e from T, celer, Pyrococcus horikoshii, Methanococcus jannaschii, yeast, rice and 
humans, proline residues and helix capping residues are conserved in thermophilic 
proteins. (Figure 1.2) The consistent existence of proline in thermophilic proteins may 
indicate the importance of the proline. 
Proline provides rigidity to protein because its backbone amide is bonded to the 
side chain that restricts the value of its own and sometimes the preceding 
residues(Schimmel and Flory 1968). Protein is stabilized by the decreased 
configurational entropy of unfolding (Matthews, Nicholson et al. 1987). This rule was 
first demonstrated in bacteriophage T4 lysozyme and thereafter in other proteins (Hardy, 
Vriend et al. 1993; Li, Heatwole et al. 1999; Steward, Adhya et al. 2002). Proline 
residue is located in structures like turns, a-helix and Ioop(Watanabe and Suzuki 1998) 
in chymotrypsin inhibitor-2 (de Prat Gay, Johnson et al. 1994) and 
oligo-1,6-glucosidase(Watanabe, Masuda et al. 1994) stabilizes the protein. It has been 
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argued that conserved proline is more likely to play an important role in maintaining 
stability (Quinkal, Davasse et al. 1994; Muslin, Clark et al. 2002). Statistically speaking, 
proline is a highly conserved amino acid but no direct correlations to stability can be 
drawn (La, Silver et al. 2003). 
Comparing to the yeast sequence, there are 3 extra proline residues in T. celer. 
They are Pro59, Pro77 and Pro88. In this investigation, we are going to look at whether 
and how these three extra proline residues contribute to the extreme thermostability of 
the T celer L30e. 
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T. celer 1 VDFAFELRKAQDT^ IVl^ ARKSIQYAKMGGAgllVftBgjAJ p- DIKEDIE 50 P. horikosbii 1 DLAFELKKALET： Hvil jsNETIRlAKTGGA girwy^A PI EIKDDIY 49 
M, junnaschli 1 RRRENMDVNKAIRTAVDl Hvil jsKRTIKFVKHGEG gWXAcMl P! DLEEDVK 55 Rice 1 VAAKKTKKSTDNINNKLCLVMKS HyXl jxKTVUlTLRNSKA g v i I S l ^ P] LRKSEIE 60 Human 1 VAAKKTKKSLESINSIILQLVMKS gSTVX JYKQTIJCMIRQGKA WvHAnBc PJ LRKSEIE 60 Yeast 2 APVKSQESINC>K1ALVIKS ^^TI gYKSTVK.SLRQGKS JlIIA-^^T ^ LRKSELE 57 
T. celer 51 W^'^ -.gsG： ^^EFEGTSVE^TLLgrp l^gsALAVV|F^gF<|jLALOGKE 100 P. horikosbii 50 B KgSD： EfliCEFEGTSVE R jlALVKR 98 M. jAniiA»ohix 56 R KgSNlgSfQHKITSlJE ^ V C g i y E«AAI>LVLflfflLB N IMELVEKKEGGE 109 Rice 61 2 SCTAKVlfflHHFHGlWVD^AcSKYFBScCLSIllpjJD iIKTTGEQ 110 Humftn 61 B 過AKToflHHYSOiNNIE EtAc5kYYF(3cTIAIi|pS：) ! D iIRSMPEQTGEK 114 Yesst 58 JJ SlgSKTKjYYFOGGNNEjgTAVgKLFFf^ V^VSIlJSlSlijD ILTTLA 105 
Figure 1.2 Sequence alignment of ribosomal L30e from T. celer, Pyrococcus 
horikoshii, Methanococcus jannaschii, yeast, rice and humans suggests that proline 
residues and helix capping residues are conserved in thermophilic proteins. The proline 
and helix capping residues were indicated in the boxes. 
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2 Chapter Two Materials and Methods 
2.1 General Technique 
2.1.1 Preparation of Escherichia coli competent cells 
Escherichia coli strain DH5a was streaked from a frozen stock onto the surface of 
an LB agar plate and BL21 (DE3) pLysS onto LB agar plate with 25 p,g/ml 
chloramphenicol. The plates were incubated at 37°C for 16 士2 hours. Single colony was 
picked from the plate and was inoculated to 5 ml of LB medium. The medium was 
incubated at 37°C at 250 rpm until its ODeoo reached 0.3 to 0.4 unit (about 3 hours). The 
culture was inoculated to 100 ml LB medium and incubated at 37°C 250rpm until 
ODeoo reached 0.4 to 0.5 unit (about 2 hours). The culture was then cooled down on ice 
for 5 minutes and then centrifuged at 5000 rpm (rotor JLA-16.25, Beckman) for 10 
minutes at 4°C. The bacterial pellet was resuspended in 40 ml RFl (section 2.10.1) and 
then kept on ice for 5 minutes. The bacterial suspension was then centrifuged again at 
5000 rpm for 10 minutes at 4°C. The bacterial pellet was then resuspended in 4 ml RF2 
(section 2.10.1) and kept on ice for 15 minutes. The cells were then aliquoted in 100 |LI1 
per tube into 1.5 ml microfuge tubes and frozen in liquid nitrogen. The competent cells 
were then stored at -70°C until use. 
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2.1.2 Transformation of Escherichia coli competent cells 
Aliquots of 100 |LI1 of competent cells were quickly thawed on hand, lul of 
appropriate concentration of DNA was added to the cell suspension. The mixture was 
stood on ice for 30 minutes. The cells were heat shocked by transferring to a 42°C water 
bath for 2 minutes without shaking. The cells were cold shocked on ice for 10 minutes. 
For ligation product, an extra recovery step was done. It was adding 400 |LI1 of LB to the 
transformed cells and incubated at 37°C at 250 rpm for 45 minutes. The cells were 
harvested by centrifugation at 12,000 rpm at room temperature for 2 minutes and 
resuspended in 100 |LII of LB which was then spread to a LB agar plate containing 
100)j.g/ml ampicillin for DH5a and an addition of 25|xg/ml chloramphenicol for BL21 
(DE3) pLysS. 
2.1.3 Spectrophotometric quantization of DNA 
Spectrophotometer (Eppendorf) was used for quantifying the amount of nucleic 
acid. One OD unit at 260 nm corresponds to 50 fig/ml double-stranded DNA, 40 |j.g/ml 
single-stranded DNA and RNA, or 20 |Lig/ml single-stranded oligonucleotides 
2.1.4 Agarose gel electrophoresis 
Agarose gel was prepared by dissolving 1.0 to 2.0% (w/v) agarose in Ix TAE 
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buffer by microwave oven. Ethidium bromide was added to a final concentration of 
0.5|j.g/ml. The gel solution was cooled down and set in the case with a comb. DNA 
samples with appropriate volume of 6x loading dye was mixed well before loading to 
the wells. Eletrophoresis was performed at constant voltage of 90V in a gel tank with 
1 xTAE buffer. After electrophoresis, DNA was visualized and the gel photo can be 
documented by printing a copy form. 
2.1.5 DNA extraction from agarose gel electrophoresis using Viogene Gene 
Clean kit 
Procedures were recommended and solutions were provided by the manufacturer. 
The DNA band in agarose gel was cut by a sharp blade and dissolved in 500)^1 of Gel 
solubilizing (GEX) solution at 65°C water bath until the gel is completely dissolved 
(about 15 minutes). The solution was loaded to a DNA-binding column cartridge with 
collection tubes and the solution passed through the column by centrifugation at 
13，000rpm for 1 minute. The column was washed by 500|LI1 of ethanol added WF buffer 
and a second time of 500)il WS buffer at 13，000rpm for 1 minute. The wash buffer was 
completely removed by centrifugating the column for another minute at 13，000r.p.m. 
(about 15,000 r.c.f). 
DNA was eluted by adding SOjal pre-warmed sterile ddHsO to the column, incubated it 
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for a minute and centrifuged it with a microfuge tube connected at 13,000rpm for 2 
minutes. 
2.1.6 Plasmid DNA minipreparation by Wizard® Plus SV Minipreps DNA 
Purification System from Promega 
Procedures were recommended and solutions were provided by the manufacturer. 
A single bacterial colony on an LB agar plate with 100|j.g/ml of ampicillin was 
inoculated to 5ml of LB medium with the same concentration of ampicillin in a 25ml 
capped sterile bottle. The culture was incubated at 37°C at 280rpm for 14 to 16 hours. 
The bacteria was harvested by centrifugation at 13,000rpm for 5 minutes by a 
microfuge tube. 
The pellet was resuspended in 250|il of resuspension solution, then 250fxl of cell 
lysis solution was added and mixed well by inversions. 10|LI1 of alkaline protease was 
added to the mixture. The mixture was mixed by inversions and incubated at room 
temperature for 5 minutes. 350|il of neutralizing solution was added to the mixture and 
then mix carefully by inversion. The mixture was centrifugated at 13,000rmp for 10 
minutes. The supernatant was loaded to the DNA-binding cartridge with waste 
collection tube provided by the kit. By centrifugation at 13,000rpm for 1 minute, the 
column was subjected to 750|LI1 wash solution and a second round of 250|LI1 of wash 
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solution. The washing solution was completely removed by 13，000rpm for 2 minutes. 
The plasmid DNA was eluted by incubating 30|il of 75°C sterile ddHzO with the 
DNA-binding cartridge with collection microfuge tube for 1 minute and collected by 
centrifugation for 13,000rpm for 1 minute. Plasmid DNA was stored with the 
microfuge tube at -20°C. 
2.1.7 Polymerase Chain Reaction (PGR) 
PGR reactions were done to produce large amount of specific genes. The reactions 
were routinely done by (PGR machine) with heating lids. The reaction mix was 
prepared as the following table unless specified. 
Sterile ddH20 (44-2X-Y) [x\ 
lOx reaction buffer 5 |j,l 
lOmMdNTP 1 |il 
(2.5mM of dATP, dTTP, dCTP and dGTP) 
Forward primer (0.1 |amole/|Lil) X i^l 
Reverse primer (0.1 jimole/^il) X fil 
Template DNA Y )il 
DNA polymerase (4 U/)j,l) 1 |LI1 
Total 5 M 
The reaction primers, templates and polymerase used were different for various 
applications. Detail sequences of the reagent would be listed in the next few 
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sub-sections. 
2.1.8 Ligation of DNA fragments 
The restricted digested fragments were ligated together by T4 ligase. The ligation 
scheme was listed as follows 
Sterile ddHsO (17-X-Y) i^l 
lOx ligase buffer 2 fxl 
Digested vector X \i\ 
Digested gene insert Y \i\ 
T4 DNA ligase (40U尔 1) 1 |il 
Total 20 |xl 
The T4 DNA ligase with buffer provided was from New England Biolabs Inc. The 
mixture was incubated at 14°C for over 16 hours. 
The ligation products were transformed into DH5a competent cells for amplification of 
the plasmids. 
2.1.9 Sonication of pellet resuspension 
The pellet resuspended in a buffer was sonicated by the sonicator (Sonic & 
Materials, Vibra cell) with a normal probe at 80% output, pulsed at 4s. The beaker 
holding the resuspension was put on ice to maintain the sample at low temperature. 
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2.1.10 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 
All SDS-polyacrylamide gels were prepared and run in the Mini-PROTEAN III 
electrophoresis cell and system (BioRad). The glass plates were cleaned by water and 
70% ethanol and wipe clean by lint-free tissue paper. The gel cast was assemble 
according to the manufacturer's instruction. Seperating gel was first set and then 
stacking gel on the top. The gel solution was mixed as the following. 
SDS-PAGE Seperating gel 12.5% 15% 
ddH20 2.5ml 1.9ml 
4x separating gel buffer (pH 8.8) 2.0ml 2.0ml 
30% acrylamide (29% acrylamide, 1% bis acrylamide) 3.3ml 4.0ml 
10% ammonium persulphate 100|il 100|LI1 
TEMED 4^1 4^1 
4ml of the mixture was transferred to the gap of the casting system. About 500|LI1 
isopropanol was carefully loaded to the surface of the gel to keep the gel boundary 
smooth and horizontal. The atmospheric oxygen was kept out of the polymerizing gel. 
The solution completely polymerized after about 15 min and isopropanol on the top 
was washed away by ddHzO. Stacking gel was loaded to the top of the casting plates 
and a 10- or 15-well comb was added on the top of the plate. 
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SDS-PAGE Stacking gel 5 % 
~ d H z O 2 m r 
4x stacking gel buffer (pH 8.8) 0.89ml 
30% acrylamide (29% acrylamide, 1% bis-acrylamide) 0.6ml 
10% ammonium persulfate 50|j.l 
TEMED 3^1 
Same volume of 2x SDS loading dye and sample were mixed together. The 
mixture was heated to 95°C for 5 minute and then centrifuged at 13，000rpm for 5 min to 
remove debris. 5-15|il of sample supernatant was loaded to each well 
When the gel was set, the comb was removed from the casting system and the wells 
were washed by ddHzO. The gel was assembled to the electrophoresis module as the 
manufacturer's manual. Both the inner and outer chamber were filled with 
SDS-electrophoresis buffer and then the electrophoresis was performed at constant 
current of 35mA per gel until the bromophenol blue dye reached the bottom of the gel. 
2.1.11 Native polyacrylamide gel electrophoresis 
Native-PAGE were similar to SDS-PAGE system, except the gel buffer, running 
buffer and the loading dye did not contain the denaturating agent SDS. The gel mixture 
and 4x loading dye were prepared as follows. 
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Native Separating gel 12.5% 15% 
ddH20 2.5ml L ^ 
200mM sodium acetate, pH 4.5 2.0ml 2.0ml 
30% acrylamide (29% acrylamide 1% bis-acrylamide) 3.3ml 4.0ml 
10% ammonium persulphate 150|xl 150|j.l 
TEMED 10|Lil _ 
In this recipe, more ammonium persulphate and TEMED were added due to their 
polymerization effect was less effective in acidic environment. 
Loading dye was prepared by mixing 40%(v/v) glycerol and 0.08%(w/v) methyl 
green. 
After the gel is polymerized and assembled to the electrophoresis module, native 
buffer, 200mM sodium acetate, pH 4.5, was filled with the inner and outer chamber. 
Native loading dye was prepared by mixing the same volume of 4x native dye with the 
running native buffer. The same volume of the pre-mix was added to the sample and 
then loaded to the well. The gel was run at constant current 35mA per gel. T. CELER 
L30E was positively charged at pH 4.5 therefore the polarity of the electrophoresis 
module was reverse, i.e. the protein was moving towards the negative pole. 
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2.1.12 Staining of protein in polyacrylamide gel by Coommassie Brillant Blue 
R250 
After electrophoresis, the gel was immersed into staining solution with 0.1% 
Coomassie Brilliant Blue R250 for 1 hour at room temperature with constant shaking. 
The gel then destained with destaining solution with a piece of paper towel for 3 hours 
at room temperature with constant shaking until the protein bands were clearly seen. 
After destaining, the gel was equilibrated in ddHsO and dried by wrapping in a glassy 
paper over a plastic plate. 
2.1.13 Protein Concentration determination 
Spectrophotometer (Eppendorf) was used for quantify the amount of proteins. The 
concentration in molar (M) of protein was given by reading at OD280 divided by the 
extinction coefficient of the particular protein, i.e. T. celer L30e = 5120 and yeast L30e 
=7680. 
2.2 Cloning the Mutant Genes 
2.2.1 Site-directed mutagenesis 
Site directed mutagenesis was performed with PGR reactions. PGR reactions 
described in this session were performed with Pfu DNA polymerase (Promega) due to 
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its high fidelity. Site-directed mutagenesis was achieved by a pair of complementary 
mutagenic primers. The synthetic oligonucleotides were ordered from Invitrogen. The 
forward and reverse primers contained a specific mutation at the middle and were 
flanked by at least 18 original complementary codons, i.e. coding for 6 amino acid 
residues, at both sides of the mutation. 
2.2.1.1 Generation of full-length mutant gene by megaprimers 
The first way to introduce a mutation into a gene is by creating megaprimers. The 
sense megaprimer was created by PGR method with an antisense 39-nucleotide 
mutagenic primer at the mutagenic site with a sense universal primer at the 5'end of the 
gene. The antisense megaprimer was created vice versa. Megaprimers were separated 
from impurities by agarose gel electrophoresis and were extracted by DNA extraction. 
The two megaprimers having 39-nucleotide complementary sites were employed in a 
i . 
I 
second round PGR as self-priming primers. The full-length mutant gene were separated 
from impurities by agarose gel electrophoresis and extracted. (Figure 2.1)(Ling and 
Robinson 1997) 
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The first and second rounds of PCR amplification scheme were as follow 
PGR Scheme for amplifying megaprimers 
Cycle 1 5 min 
Denaturation 95°C 5 min 
Cycle 2-30 Annealing 55°C 1 min 
Extension 72°C 2 min 
Cycle 31 T ^ C 5 min 
( 
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Forward universal primer 
J v v ~ � 
Reverse mutagenic primer 
Forward mutagenic primer 
5 3' 
Reverse universal primer 
PGR / \ PGR 
5 ' 3 ' 3 ' 5 ' 
Mix, denature and anneal 
八 \ —八 ^_^ ^ ^ — 
Extensible self-priming duplex Non-extensible self-priming duplex 
PGR I 
3' ~ 八 5' • 5' 3' 
Mutant gene 
” 
Figure 2.1 Introducing mutation into the middle of a gene (overlapping PCRs) 
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2.2.1.2 Generation of mutant gene by QuikChange® Site-Directed Mutagenesis 
Kit from Stratagene 
The kit amplified the whole plasmid containing the desired gene by PGR method. 
With the mutagenic primer and plasmid carrying the wild type gene, a nicked circular 
plasmid containing the desired mutant gene was created. The templates were digested 
by Dpnl, which only digested methylated and hemimethylated plasmid. 
The PGR mixture was the same as the basic protocol, except the primer concentration is 
10-fold less concentrated, i.e. 0.01|uimole/fil and the template reduces to O.Sp.!. The 
forward and reverse primers used were the pair of mutagenic primers that 
complementary to the mutation site. 
The amplification scheme was as follows 
PGR Scheme for site-directed mutagenesis kit 
Cycle 1 5 min 
Denaturation 95�C 4 5 l 
Cycle 2-19 Annealing 56°C 45 s 
Extension 72°C 6 min 
Cycle 20 10 min 
^ 
5|xl of Dpnl was added to 45|il of nicked circular plasmid and incubated at 37°C for 
about 16 hours. 
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2.2.2 Restriction Digestion of DNA 
Restriction digestion of DNA was carried out at a total volume of 20|J,1. The 
loading scheme was listed as follows. 
Vector Insert 
(pET8c) {T. celer L30e /yeast L30e wild-type or 
mutant genes) 
lOx BamHI buffer ^ ^ 
BSA l|Lil l|il 
D N A 2^1 15|LI1 
Sterile ddH20 13^1 -
BamHI (lOU/^1) l|il l|il 
Nco\ (10U/|Lil) l^il l^il 
Total ^ ^ 
lOx BamHI buffer, BamHI and Ncol restriction enzyme were ordered from New 
England Biolabs. 
The mixture was digested at 37°C for 3 hours. The fragments were separated from 
impurities by agarose gel electrophoresis followed by DNA extraction process. 
2.2.3 Ligation of DNA fragments 
The insert and the digested vector were ligated to form a complete circular plasmid 
by T4 ligase. 15)il of digested insert and 2^1 digested vector from the gene clean 
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product was added to the ligation mixture and incubated at 14°C for over 16 hours. 
The ligation products were transformed into DH5a competent cells for 
amplification of the plasmids. 
2.2.4 Screening for successful inserted plasmid clones from ligation reactions 
Some quick methods were employed to check for the successful inserts into the 
plasmids. 
2.2.4.1 By PCR 
The universal forward and reverse primers flanking the full-length of the inserted 
gene were used as the primers in the PCR reaction. Taq polymerase was used as the 
DNA polymerase in this reaction. By agarose gel electrophoresis, successful clones 
showed sharp bands of right size, i.e. T. CELER L30E inserts showed a sharp band at 
~300bp. 
2.2.4.2 By restriction digestion 
The ligation plasmid product was amplified by miniprep process. The plasmid was 
cut by the same enzyme. With the right insert, the plasmid should give two sharp bands 
in agarose gel electrophoresis that indicate the inserts and the vectors were separated by 
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restriction digestion. 
The digestion scheme was listed as follows. 
Vector with insert 
(pET8c - T. CELER 
L30E) 
lOx Barnm buffer ^ 
BSA l^il 
DNA 51^ 1 
Sterile ddH20 _ 
BamHl (10U/ |LI1) \[l\ 
Ncol ( 1 0 U / | I I ) L^ IL 
Total ^ 
2.2.5 DNA sequencing 
DNA sequencing was the direct and accurate way to confirm the insert was 
successfully into the plasmid. The sequencing process was done by Macrogen Inc, 
using the T7 promoter sequencing primer at the pET8c vector. 
2.3 Expression and Purification of Protein 
2.3.1 General bacterial culture, harvesting and lysis 
E. coli strain BL21(DE3) pLysS was transformed under standard protocol and 
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grown on the LB plate with appropriate antibiotics. The cells were grown for about 16 
hours at 37°C. A single colony was picked and inoculated into 15ml of M9ZB medium 
with 100|xg/L ampicillin and 50|Lig/L chloramphenicol. The starter culture was grown at 
37�C，280rpm for 3-4 hours. 10ml of starter culture was inoculated to IL of M9ZB 
medium with the same concentration of antibiotics. The IL culture was separated 
equally to two 2L conical flasks and incubated at 37°C, 280rpm until OD280 =0.6-0.8， 
which took about 4 hours. A final concentration of 400|JM of IPTG was added for 
induction. The medium was allowed to grow for further 14hours at 37°C，280rpm. 
The bacterial culture was harvested by centrifugation at 6，000rpm (JLA 16.25 
rotor) at 4°C for 10 minutes. The bacterial pellet was resuspended in 30ml of 20mM 
sodium acetate buffer, pH 5.4 containing O.lmM phenylmethysulfonyl fluoride (PMSF) 
and 0.1 %(v/v) P-mercaptoethanol. The suspension was sonicated with 5 cycles of 2 
minutes with standard protocol. Two aliquots of 30|il lysate were kept for SDS-PAGE 
anaylsis and the rest lysate was centrifuged at 15，000rpm (JA-30.5) for 30 minutes at 4 
2.3.2 Purification of recombinant wild type T. celer L30e and mutants 
Cation Exchange chromatography 
T. celer L30e was expressed in the soluble fraction of the centrifuged lysate. Ion 
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exchange chromatography was carried out by cation exchange column, 5 ml Hi Trap SP 
from Amarsham Biosciences. The OD280 uv detector and the conductivity was set as the 
sensitivity of 0.5V and IV. The column was equilibrated with 10 bed volume of 20mM 
NaOAc, pH 5.4 at flow rate 5ml/min. The supernatant was filtered by a 0.22um filter 
and then was loaded to the column and the column was washed until OD280 was 
flattened (about 100ml). A linear gradient of 0 to IM of NaCl in the same buffer at 5 
ml/min was imposed. T. celer was eluted at about 0.4M NaCl. The fractions, 5ml each, 
containing the protein were collected and analyzed by SDS-PAGE. The fractions 
containing the protein were pooled together for next purification step. The column was 
washed by 2 beds of IM NaOH and then with 20% ethanol until the conductivity 
steadily returned to the baseline value (about 20 bed volume). 
Affinity Chromatography 
The 5ml HiTrap Heparin column (Amersham Biosciences) was equilibrated with 
20mM NaOAc with 0.2M NaCl, pH 5.4 at flow rate 5 ml/min until the conductivity 
steadied (about 10 bed volume). The pooled fraction from the ion exchange 
chromatography was filtered through a 0.22fim filter and loaded to the column and then 
washed with the same buffer until OD280 was steady. A linear gradient from 0.2 to IM 
NaCl at flow rate 5ml/min was imposed and T. celer L30e was eluted at about 0.55M 
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NaCl. Fractions, 5ml each, were collected and analyzed by SDS-PAGE and the fraction 
containing the protein were pooled together and concentrated with a centriprep YM-3 
(Millipore), with pore size 3k:Da, until the volume is about 5ml. 
Size excision chromatography 
The gel filtration column, Superdex 75 XK26/60 was equilibrated with 20mM 
NaOAc, 0.2M NazSCU，pH 5.4 until the conductivity became steady (about 1.5 bed 
volume). The concentrated protein was loaded into the column and the running flow 
rate was 2.5ml/min. T. celer L30e was eluted at about 220ml. The peak fractions were 
collected (2.5ml each) and analyzed by SDS-PAGE. Only those with pure T. celer L30e 
fractions were pooled together and concentrated with centriprep YM3 (Millipore) until 
OD280 reaches -1.28. The concentrated protein was stored by 1ml aliquots at -20°C. 
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2.3.3 Purification of recombinant wild type yeast L30e and mutants 
Washing and Refolding of yeast L30e protein 
Yeast L30e was expressed as the inclusion body which existed in the insoluble 
fraction after lysate centrifugation. The pellet from the sonicated lysate was washed by 
detergent buffer，0.2M NaCI, 1% deoxycholic acid, l%NP-40 in order to wash away 
soluble lipids. The pellet was resuspended in 20ml of detergent buffer and sonicated for 
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2 min with standard protocol. The suspension was centrifuged at 6，400rpm (�5，000g, 
with rotor JA-30.5，Beckman) at 4�C for 20 minutes. The pellet was resuspended in the 
Triton/EDTA buffer, 1% Triton X-100 with ImM EDTA, and sonicated with standard 
protocol for 2 min. The resuspension was centrifuged at 6,400rpm (~5，000g with rotor 
JA-30.5, Beckman), 4°C for 20 minutes. Triton/EDTA washing step was repeated once 
more. 
The pellet was mixed end-to-end in 4ml of 4M GdnHCl, lOmM phosphate buffer 
pH 7.4. The mixture was centrifuged at 15,000rpm, 4°C for 20 minutes. The protein was 
refolded by rapid dilution. The 4m 1 supernatant was added to 60ml of 20mM NaOAc, 
0.3M NaCl, pH 5.4 buffer drop by drop after thorough mixing in a E-flask by hand. The 
final GdnHCl concentration was 0.25M. The suspension was centrifuged at 15，000rpm 
(JA-30.5 rotor, Beckman) at 4°C for 20 minutes. The pellet was unfolded and refolded 
by the previous steps again twice more. Supernatant from times of refolding 
experiments (�192ml ) were pooled together and dialyzed against 4L of 20mM NaOAc, 
0.3M NaCl, pH 5.4 using a 8，OOOMMCO dialysis tubing for 16 hours. 
Affinity Chromatography 
The 5ml HiTrap Heparin column (Amersham Biosciences) was equilibrated with 
20mM NaOAc with 0.3M NaCl, pH 5.4 at flow rate 5 ml/min until the conductivity 
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steadied (about 10 bed volumes). The dialyzed sample was filtered through a 0.22|j.m 
filter and loaded to the column and then washed with the same buffer until OD280 was 
steady. A linear gradient from 0.3 to IM NaCl at flow rate 5ml/min was imposed and 
yeast L30e was eluted at about 0.5M NaCI. Fractions, 5ml each, were collected and 
analyzed by SDS-PAGE and the fraction containing the protein were pooled together 
and concentrated with a centriprep YM-3 (Millipore), with pore size 3kDa, until the 
volume is about 5ml. 
Size excision chromatography 
The gel filtration chromatography using Superdex 75 XK26/60 was carried out as 
described in the T. celer L30e purification section. Yeast L30e was eluted at about 
200ml with two peaks. The major peak fractions (2.5ml each) were collected and 
analyzed by SDS-PAGE and only those with pure yeast L30e fractions were pooled 
together and concentrated with centriprep YM-3 (Millipore) until OD280 reaches-1.28. 
The concentrated protein was stored by 1ml aliquots at -20°C. 
2.4 Thermodynamic Studies by Circular Dichroism (CD) Spectrometry 
2.4.1 Thermodynamic studies by guanidine-induced denaturation 
In this experiment, free energy of unfolding (AGu) was obtained. lOmM PB and 
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8M GdnHCl in lOmM PB, pH 7.4 were prepared for the GdnHCl ladder. The 
concentration of GdnHCl was determined from refractive index measurements (Scholtz 
1997)with a Leica AR200 refractometer. Protein sample at about 25|LIM was 
equilibrated with 0-7.2M, 0.2M interval of GdnHCl concentrations at 25°C for 30 
minutes. Mean residue ellipticity at 222nm was measured at 0°C, 5°C,15°C, 25°C, 35°C, 
45°C, 55°C, 65°C and 75°C using a 1mm path length quartz cuvette (Hellma) by the 
spectropolarimeter (JASCO J-810) equipped with a Peltier-type temperature control 
unit. 
The ME222 data from 0-7.2M GdnHCl concentrations were crop and plotted and 
fitted by nonlinear regression to a two-state model by (Bolen and Santoro 1988): 
yobs = {(yn + mn[D]) + (yu + mu[D]) e[-AG(D)/RT]丨(i + G(D)/RT]) 
where yobs is observed mean residue ellipticity at 222nm; yn and rtin are the y-intercept 
and the slope of the linear baseline before transition; yu and iriu are the y-intercept and 
the slope of the linear baseline after transition; R is the gas constant; T is the 
temperature in Kelvin; [D] is the concentration of GdnHCl; AG(D) is the free energy of 
unfolding at [D]. Free energy of unfolding without denaturant AG(H20) was obtained by 
linear extrapolation model AG(D) = AG(H2O) 一 m[D]. The average values and standard 
deviations of AG(H2O)，mid-point of transition D!/2 and m were reported over three 
independent experiments. 
35 
Reversibility of the GdnHCl induced denaturation was checked by preparing a 
lOO^M of protein in 6AM GdnHCl in lOmM PB, pH 7.4. A spectrum from 260 to 
190nm was measured which showed that the protein was in denatured state. Then the 
solution was diluted 10 fold, then the GdnHCl concentration became 0.64M. A mean 
residue ellipticity spectrum from 260 to 190nm was obtained and was overlay with the 
control tube with 10 |L IM protein in 0 . 6 4 M GdnHCl. The two spectra overlapped each 
other showed that the protein was reversibly denatured by GdnHCl. 
2.4.2 Themodynamic studies by thermal denaturation 
The melting temperature, Tm, was measured in the thermal denaturation followed 
by mean residue ellipticity at 222nm by spectropolarimeter (JASCO J-810) equipped 
with a Peltier -type temperature control unit. Protein samples with 25|LIM concentration 
were dialyzed against lOmM PB, lOOmM NaCl, pH 7.4 and were thoroughly de-gassed 
before measurement. The sample were heated from 25 to 110°C at a rate of rc/min. 
The cuvette was tightly sealed with a suitable stopper to prevent vaporization at higher 
temperature. Thermal denaturation data were analyzed by a two state model 
K(T) = [yobs - (yn + mn T)] / [(yu + mu T) - yobs] 
where K(T) is the equilibrium constant of unfolding at temperature T. K(T) values 
within transition zone was fitted into AG = -RT In K(T) to obtain AG values. Melting 
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temperature, Tm, was determined as the temperature where AG=0. The average values 
and standard deviations of Tm were measured by three independent experiments. 
The reversibilities of the protein samples were determined by overlaying the mean 
residue ellipticity spectrum from 260 to 190nm at 25°C before heating and cooled down 
to 25°C after heating. The overlapping signals at around 200 to 230nm indicated the 
protein denatured reversibly by heat. 
2.4.3 ACp measurement of the T. celer L30e mutants 
2.4.3.1 By Gibbs-Helmholtz analysis 
ACp was determined by both chemical and thermal denaturation data fitted into 
Gibbs-Helholtz equation(Pace and Laurents 1989): 
AG = AHm (1 - T/Tm) - ACp [(Tm - T) + T In (T/Tm)] 
to determine the thermodynamic parameters AHm, ACp and Tm. For mutants that the 
thermal denaturation data were irreversible, only chemical denaturation data were fitted 
to the equation. For mutants that their thermal denaturations were irreversible, only data 
from chemical denaturation were fit into the equation. 
2.4.3.2 By van't Hoff aniysis 
Tm and AHm values of T. celer L30e mutants were measured in different pH by 
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thermal denaturation. Protein samples were dialyzed against lOmM citrate/phosphate 
buffer at pH 2.0-7.0. The van't Hoff plot was only fit with reversible thermal 
denaturation data and slope of the plot was ACp. 
2.5 Crystal Screen for the Mutant T. celer L30e 
2.5.1 T. celer L30e Pro->Ala and Pro^Gly mutants 
The optimum crystallization condition of T. celer L30e Pro~>Ala and Pro~>Gly 
mutants were investigated by a crystal screen scheme. The concentration of the protein 
sample was about 8-10)j.g/|iI. The conditions were set up by 0.2M sodium acetate, pH 
4.0-6.0, 0-40% PEG 6000 and O.IM HEPES pH 6.5-8.5, 0-40% PEG 6000 first in a 
Greiner 96 well plate protein crystallization plates (Hampton Research). The set of 
condition O.IM HEPES pH 7.0-8.5，15-40% PEG 6000 was screened with a sitting drop 
crystallization method in a 24 well plate sampler Cryschem Plate (Hampton Research). 
2.5.2 Yeast L30e K65P mutant 
The optimum crystallization condition of yeast L30e K65P mutant was 
investigated by Index (HR2-144) and Crystal Screen 1 kit (Hampton Research) with a 
Greiner 96 well plate protein crystallization plates (Hampton Research). The 
concentration of the protein sample was about 6-8|j,g/|xl. 
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2.5.3 Sequences of Primers 
2.5.4 Primers for T. celer L30e and its mutants 
T. celer L30e universal primers 
TRP-Uni-F-Ndel 15' ATCGATCCATGGTTGATTTTGCTTTCGAACTCCG 3' 
TRP-Uni-R-BamHI 5' AGTGTGGGATCCTCACTCTTTACCGCCCA 3' 
TRP Pro—A la mutants mutagenic primers 
TRP-P43A-F 15，GTTGCCCGCACCGCGCGC GCCGATATTAAAGAAGACATC 3’ 
TRP-P43A-R 3’ CAACGGGCGTTGCGCGCG CGG CTATAATTTCTTCTGTAG 5， 
TRP-P59A-F 5，GCACGTTTGAGCGGTATT GCCGTGTATGAGTTCGAGGGC 3，^ 
TRP-P59A-R 3, CGTGCAAACTCGCCATAA CGG CACATACTCAAGCTCCCG 5，^ 
TRP-P77A-F 5’ GGCACTCTGCTTGGTCGT GCCCACACGGTTTCGGCCCTG 3 ' ^ 
TRP-P77A-R 3, CCGTGAGACGAACCGGCA CGG GTGTGCCAAAGCCGGGAC5' 
TRP-P88A-F 5’ GCCCTGGCGGTCGTGGAC GCCGGTGAATCTCGTATTCTG 3, 
TRP-P88A-R 3' CGGGACGCCAGCACCTG CGG CCACTTAGAGCATAAGAC 5 ’ ^ 
The bold nucleotides were the mutagenic site of the mutagenic primer. GCC coded 
for alanine residue. 
TRP Pro->Gly mutants mutagenic primers 
TRP-P43G-F |5' GTTGCCCGCACCGCGCGC GGC GATATTAAAGAAGACATC 3， 
TRP-P43G-R 3’ CAACGGGCGTTGCGCGCG CCG CTATAATTTCTTCTGTAG 5' 
TRP-P59G-F 5，GCACGTTTGAGCGGTATT GGC GTGTATGAGTTCGAGGGC 3 ’ ^ 
TRP-P59G-R 3’ CGTGCAAACTCGCCATAA CCG CACATACTCAAGCTCCCG 5, 
TRP-P77G-F 5，GGCACTCTGCTTGGTCGT GGC CACACGGTTTCGGCCCTG 3' 
TRP-P77G-R 3’ CCGTGAGACGAACCGGCA CCG GTGTGCCAAAGCCGGGACS‘^ 
TRP-P88G-F 5’ GCCCTGGCGGTCGTGGAC GGC GGTGAATCTCGTATTCTG 3， 
TRP-P88G-R 3' CGGGACGCCAGCACCTG CCGCCACTTAGAGCATAAGAC 5’ 
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The bold nucleotides were the mutagenic site of the mutagenic primer. GCC coded 
for glycine residue. 
2.5.5 Primers for yeast L30e and its mutants 
YRP Xaa^Pro mutants mutagenic primers 
YRP-K65P-F 15，GCGATGTTGAGCAAAACG CCGGTTTACTACTTCCAGGGC 3, 
YRP-K65P-R 3，CGCTACAACTCGTTTTGC GGC CAAATGATGAAGGTCCCG 5' 
YRP-L83P-F 5, GGTACGCGGGTCGGTAAG CCG TTTCGCGTGGGTGTTGTC 3 ’ ^ 
YRP-L83P-R 3’ CCATGCCGGCAGCCATTC GGC AAAGCGCACCCACAACAG5'~ 
YRP-A94P-F 5，GTTGTCAGCATTCTTGAA CCGGGCGACTCGGATATCCTG 3， 
YRP-A94P-R 3’ CAACAGTCGTAAGAACTT GGC CCGCTGAGCCTATAGGAC 5，^ 
The bold nucleotides were the mutagenic site of the mutagenic primer. CCG coded 
for proline residue. 
2.6 Reagents and Buffers 
2.6.1 Reagents for competent cell preparation 
RFl: 30mM KAc, lOOmM RbC12，lOmM CaC12, 50mM MnC12, 15% Glycerol, pH 
5.8 adjusted by acetic acid. The buffer was sterilized by filtering through a 0.2|Lim filter. 
RF2: lOmM MOPS, 75mM CaC12, lOmM RbC12, 15% glycerol, pH 6.5 adjusted by 
KOH. The buffer was sterilized by filtration through 0.2^m filter. 
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2.6.2 Nucleic acid eletrophoresis buffers 
TAE (Tris-acetate-EDTA), 50x stock solution 
Mix 242 g/L Tris base, 57.1 ml/L glacial acetic acid, 37.2 g/L Na2EDTA.2H20 together 
and stored at room temperature 
6x agarose gel loading buffer 
Mix 0.25% (w/v) bromophenol blue, 40% (w/v) sucrose and 60 mM EDTA (pH 8.0) 
and stored at 4 � C . 
Ethidium Bromide (lOmg/ml) 
Stir Ig of ethidium bromide in 100ml ddHzO for several hours. Wrap the container with 
foil and store at room temperature. 
2.6.3 Media for bacterial culture 
Luria Broth (LB) medium 
20g/L Luria Broth (USB), add ddHsO up to IL and autoclave. 
Luria Broth (LB) agar 41 
Prepare as LB medium and add extra 15g/L agar (USB) before autoclave. Cool to 
hand-hot temperature (~40°C), add 100|xg/ml ampicillin (for LBA plate) and an extra 
50|iglml chloramphenicol (for LBAC plate). Pour to Petri dishes and wait till set. 
M9ZB medium 
Dissolve Ig/L N H 4 C I , 3g/L K H 2 P O 4 , 6g/L NaHzPO*, 5g/L NaCl and lOg/L 
bacto-tryptone (all from Sigma) in 980ml ddHsO and autoclave. Cool to room 
temperature and add 10ml of filter sterile 40% glucose and 1ml of IM MgSCU. 
40% Glucose solution 
40g glucose (Sigma) is completely dissolved in 100ml ddHaO and filtered with a 
0.22^m filter (Schleicher & Schuell). Store at 4°C. 
Ampicillin stock solution 
lOg of Ampicillin sodium salt (USB) is dissolved in 100ml of ddHaO and sterile filtered 
by 0.22^m filter (Schleicher & Schuell). Store at -2(rc. 
Chloramphenicol stock solution 
lOg of Chloramphenicol salt (USB) is dissolved in 100ml of analytical grade ethanol， 
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Store at -2(rC. 
2.6.4 Reagents for SDS-PAGE 
SDS-electrophoresis buffer (lOx stock solution) 
30.2 g Tris base (0.25 M), 144 g glycine (1.92 M), 10 g SDS (1% (w/v)) 
add to 1 L ddHbO. No need to adjust pH. Store at 4°C. 
SDS-electrophoresis buffer (Ix working solution) 
The buffer was prepared from 5x stock solution. 
SDS-PAGE loading buffer (2x) 
100 mM Tris-HCl, pH 6.8, 200 mM DTT, 4% SDS, 0.2% bromophenol blue, 20% 
glycerol. Long-term storage at -20°C or short term at 4°C. 
4x SDS resolving gel buffer, pH 8.8 
18.17 g Tris base, 0.8 g SDS or 4 ml 10% SDS add to 100ml ddHsO 
Adjust pH to 8.8 with HCI. Store at 4°C. 
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4x SDS stacking gel buffer, pH 6.8 
6.06 g Tris base, 0.8 g SDS or 4 ml 10% SDS add to 100 ml ddH20 
Adjusted pH to 6.8 with HCl. Stored at 4°C. 
Staining solution 
45% (v/v) methanol, 10% glacial acetic acid, 0.25% (w/v) Coomassie Brilliant Blue 
R250 dissolve in ddHaO. The stain can be reused multiple times until staining 
performance is no good. 
Destaining solution 
Add 30% technical grade ethanol and 10% glacial acetic acid and make up the rest 
volume with ddHsO. 
2.6.5 Buffers for T. celer L30e purification 
Ion exchange chromatography, Low salt buffer 
20mM NaOAc (Sigma), pH 5.4，adjusted by 50%(v/v) acetic acid (HAc) 
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Affinity chromatography, Low salt buffer 
20mM NaOAc (Sigma), 0.2M NaCl (Sigma), pH 5.4, adjusted by 50%(v/v) HAc 
Ion exchange and affinity chromatography, High salt buffer 
20mM NaOAc (Sigma), IM NaCl, pH 5.4，adjusted by 50%(v/v) HAc 
Size excision chromatography buffer 
20mM NaOAc, 0.2M NazSO*, pH 5.4，adjusted by 50%(v/v) HAc 
2.6.6 Buffers for yeast L30e purification 
Detergent washing solution 
0.2M NaCl，l%(w/v) deoxycholic acid, 1% NP-40, dissolve in ddHzO 
Triton/EDTA washing solution 
1% Triton X-100, ImM EDTA, dissolve in ddHsO 
Unfolding yeast L30e in insoluble fraction 
4M GdnHCl in lOmM PB, pH 5.4，adjusted by NaOH, no back titration 
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Affinity chromatography, Low salt buffer 
20mM NaOAc, 0.3M NaCl, pH 5.4 adjusted by 50%(v/v) HAc 
Affinity chromatography, High salt buffer 
20mM NaOAc, IMNaCl, pH 5.4 adjusted by 50%(v/v) HAc 
Size excision chromatography 
20mM NaOAc, 0.2M Na2S04, pH 5.4 adjusted by 50%(v/v) 
2.7.7 Buffer for Circular Dichroism (CD) Spectrometry 
Phosphate Buffer for thermal denaturation 
Dissolve 20mM sodium monophosphate and lOOmM NaCl in water, pH 7.4 adjusted 
with 1M NaOH and no back titration. 
8M Guanidine hydrochloride in phosphate buffer 
Dissolve 76.424g of Guanidine hydrochloride and 0.1379g of sodium monophosphate 
in 100ml ddH】。，adjust pH to 7.4 with IM NaOH. Prepare the concentration of 
GdnHCl to 8M with refractometer with the equation(Scholtz 1997): 
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Molarity = 57.147(AN) + 38.68(AN)^ - 91.60(AN)^ 
Where AN equals to the difference in refractive index between the GdnHCl solution 
and ddHzO. 
lOmM Phosphate buffer for GdnHCl ladder preparation 
Dissolve 1.379g of sodium monophosphate in IL of ddHbO, Adjust pH to 7.4 with IM 
NaOH without back titration. 
Citrate/Phosphate Buffer for ACp measurement 
Add 1ml of 5M phosphoric acid and 2ml of 2.5M citric acid to IL ddHsO，adjust the 
buffer to desired pH. 
2.5M Citric acid 
Dissolve 2.5M of citric acid (Fluka) in ddHzO. 
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3 Chapter Three Results 
3.1 Cloning, expression and purification of the mutant proteins 
3.1.1 Mutagenesis, cloning and purification of the thermophilic proteins - T. 
celer L30e protein and its mutants 
By site-directed mutagenesis using megaprimer method (section 2.2.1.1), the 
megaprimers and the full length mutant genes were subsequently generated. The full 
length genes were ligated to the pET8c vector (section 2.2.2-2.2.3) and the plasmids 
were amplified by transforming to E. coli strain DH5a (section 2.1.2 - 3, 2.1.6). The 
successful clones were confirmed by PGR amplification and restriction digestion 
(section 2.2.4.1-2). Then the successful clones were further confirmed by sequencing 
with the T7 promoter sequencing primers. Plasmids pET8c containing mutant genes 
P43A, P43Q P59A and P59G were prepared with the same method by Ko et al., 2003， 
unpublished data. 
Mutant proteins were expressed by E. coli (DE3) pLysS strain. The cell was 
sonicated and the proteins were expressed at the soluble fraction. The proteins were 
purified by SP column, Heparin and Gel filtration Superdex 75 columns (section 2.3.2). 
The SDS-PAGE photos showed that the purity of each eluted fraction and the proteins 
were pure after these purification steps. From the purification profile, the protein was 
gaining purity in each step of purification process (Figure 3.1). The SDS-PAGE gel 
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indicated that the purified protein was pure (Figure 3.2). 
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Figure 3.1 The purification profile of a Z celer ribosomal L30e. Lane 1 to 9 (From 
left to right) was before induction, after induction, whole lysate, supernatant of the 
lysate, pellet of lysate, SP input, Heparin input, gel filtration column input, low 
molecular weight marker respectively. 
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Figure 3.2 Pure fraction of T. celer ribosomal L30e and mutant. Lane 1 to 8 (from 
left to right, P43A, P43G, P59A, P59G, P77A, P77G, P88A and P88G) the pure protein 
fraction of all the protein samples are checked. 
51 
3.1.2 Mutagenesis, cloning and purification of the mesophilic proteins - yeast 
L30e protein and its mutants 
Yeast L30e mutant genes were created by site-directed mutagenesis by 
QuikChange® Site-Directed Mutagenesis Kit from Stratagene. The mutant genes 
ligated to pET8c vector were created. The plasmids were amplified by transforming to 
E.coli strain DH5a (section 2 .1 .2- 3，2.1.6). Then the clones were further confirmed by 
sequencing with the T7 promoter sequencing primers. 
Mutant proteins were expressed by E. coli (DE3) pLysS strain as inclusion body. The 
insoluble fractions were washed by detergent buffer and Triton/EDTA buffer. The 
proteins in the inclusion bodies were unfolded with 4M GdnHCl in lOmM PB, pH 7.4. 
By rapid dilution method, the proteins were refolded and filtered by a 0.22|xm filter. 
The filtrates were loaded to a Heparin column and subjected to a gradient of 0.3M to 
IM NaCI. Yeast L30e mutants were eluted at about 0.5M NaCl. The protein fractions 
were concentrated to ~5ml and loaded to a gel filtration column (Figure 3.3b). The 
purify of protein was checked by SDS-PAGE gel analysis (Figure. 3.3c). 
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Figure 3.3 Washing and purification profile of yeast L30e. a) The washing profile 
Lane 1 to 8 (left to right) low molecular weight marker, whole lysate of the cell, pellet 
of the lysate, supernatant of lysate, pellet of detergent wash, supernatant of detergent 
wash, pellet of EDTA buffer wash, supernatant of EDTA buffer wash, b) Lane 1-5，first 
refolding supernatant, second refolding supernatant, Heparin input, gel filtration input, 
concentrate of the product protein, c) Pure yeast L30e analyzed by SDS-PAGE gel. 
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3.2 Stability of Pro^Ala/Gly mutants of T. celer L30e at 298K 
3.2.1 Design of alanine and glycine mutants from thermophilic homologue 
Comparing to the yeast L30e sequence, there are three extra proline residues, 
namely P59, P77 and P88 in T. celer L30e. There is as well one conserved proline 
residue, P43, in both T. celer and yeast L30e. In this investigation, first, we are going to 
see whether the conserved proline in our study model plays a key role in stabilization 
and; second, the role of proline residues in the thermostability in the thermophilic 
ribosomal protein T. celer L30e. The four proline residues in T. celer L30e were 
mutated to alanine and glycine residues respectively. To further verify the role of 
proline, these conserved proline residues were introduced to the yeast L30e at the 
corresponding positions to see if they can improve the stability of yeast L30e. The 
thermodynamic parameter D./„ that is the concentration of the denaturant that half of the 
protein population is denatured, and AGu, the free energy of unfolding of the mutant 
proteins were obtained by guanidine-induced denaturation. 
3.2.2 Among alanine mutants, only P59A was destabilized 
The AGu, and D/, of all Pro^Ala/Gly mutants were measured at 298K (25°C) by 
guanidine-induced denaturations. All the mutants were denatured reversibly. P59A was 
the only destabilized alanine mutant (Figure 3.4). Its D./, was 4.10M, which is 
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significantly smaller than the wt value of 4.46M. Its AGu was 43.9 kJ mol"', which was 
destabilized by 3.9 kJ mol"' when compared to the wt value of 47.8 kJ mol'^ On the 
other hand, other Pro->Ala substitutions did not affect the stabilities of T. celer L30e 
significantly. The AGu and D./^  values of P43A, P77A, and P88A were similar to those 
of wt. AGu and D./, values of these mutants were -0.1 to 1.0 kJ mol'' and -0.01 to 0.1 M 
deviated from the value of wt (Table 3.1). 
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Figure 3.4 Stability curves of thermophilic T. celer L30e wt and all alanine mutants, 
P43A, P59A, P77A and P88A. No significant trend of stability change was observed in 
these mutants. P59A (orange) was the only alanine mutant showing the expected 
decrease of stability. P77A (green) showed slightly more stable than wt. P43A and 
P88A showed no change in stability as wt. 
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Table 3.1 Thermodynamic parameters of T. celer L30e wt and their mutants 
obtained from GdnHCl induced denaturation at room temperature. 
ADv4(mutant-wt/ ADv4(glycine"»lan‘ne AAG(G-A)kJmol ‘ 
\yvM M / M AOkJmol"' AAQkJmol"' 
T. celer 
wt 4.46 ±0.02 - 47.8 ±3.3 
P43A 4.45 ±0.05 -0.01 ±0.05 47.7 ±3.3 -0.1 
P59A 4.10 ±0.02 -0.36 土 0.03 43.9 ±3.1 -3.9 
P77A 4.56 ±0.04 0.10 ±0.03 48.8 ±3.4 1.0 
P88A 4.46 土 0.14 0.00 土 0.04 47.8 ±3.6 0.0 
P43G 4.19 士 0.02 -0.27 土 0.05 -0.26 44.9 士3.1 -3.0 -2.8 
P59G 3.71 ±0.03 -0.75 士 0.06 -0.39 39.8 士2.8 -8.0 -4.2 
P77G 4.50 ±0.06 0.04 ±0.14 -0.06 48.2 ±3.4 0.4 -0.6 
P88G 4.19 士 0.02 -0.27 土 0.03 -0.27 44.9 士3.1 -2.9 -2.9 
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3.2.3 Ala-^Gly mutations destabilized the protein 
With the exception of P77Q all glycine mutants were less stable than the alanine 
mutants and wt (Figure 3.5). The Dy, values of P43Q P59Q and P88G were 4.19, 3.71, 
and 4.19 M, respectively, which were much smaller than the wt value of 4.46 M. These 
mutant were 2.9 to 8.0 kJ mol'' less stable than the wt, and 2.8 to 4.2 kJ mol-i less stable 
than their corresponding alanine mutants (Table 3.1). On the other hand, P77G 
substitution did not affect the stability of T. celer L30e, with D/^  and AGu values of 4.50 
M and 48.2 kJ mol"' respectively. Substitution of an alanine or a glycine at P77 did not 
affect the stability of the protein significantly. 
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Figure 3.5 Comparison of Pro—Ala (Red) and Pro-^Gly mutants (Green). Glycine 
mutants showed a consistent trend of destabilization in comparison to alanine mutants. 
Wt (Black) was showed 
as the reference. P77A, P77G and wt were very close in their 
stability and their GdnHCl induced denaturation curves were very close to each other. 
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3.3 Stability of Xaa^Pro mutants of yeast L30e at 298K 
3.3.1 Design of proline mutants from mesophilic homologue 
Pro—Ala mutagenesis of T. celer L30e suggested that among all proline residues, 
the proline at residue 59 was crucial to the stability of the protein (Section 3.2). The 
importance of proline residue could be further verified by introducing proline residues 
to the corresponding positions in yeast homologue. By sequence alignment, the 
corresponding position of T. celer P59, P77 and P88 were K65, L83 and A94 in yeast 
L30e. A reverse of the previous experiment, Xaa^Pro mutation, was carried out at the 
corresponding positions in mesophilic yeast homologue. 
A proline residue restricts the ((p,\|/) values at the proline itself and as well the (p，\|/) 
of the preceding residue(Schimmel and Flory 1968). Mutation Xaa-^Pro should be 
compatible with these constrains. The structure of the proline mutants were predicted 
using SwissModel server with the crystal structure of yeast L30e (INMU D chain) as 
the template structure. The result showed that the introduction of proline at these sites 
could be tolerated. The structure was implemented in the molecular modeling package 
WHAT IF(Vriend 1990). The result showed that the introduction of proline at these 
sites could be tolerated. 
With the yeast L30e, three Xaa^Pro mutants, K65P, L83P, and A94P were created. 
In the other way round, we would like to see if any of these Xaa->Pro mutants 
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stabilized the mesophilic homologue. 
3.3.2 K65P, corresponding to P59 in T. celer L30e, stabilized yeast L30e 
Guanidine-induced denaturations of all Xaa->Pro mutants of yeast L30e were 
measured. All mutants denatured reversibly. Again, the effect on stability was 
position-dependent - K65P showed the largest increase in stability (Figure 3.6a). The 
D./, and AGu ofK65P yeast L30e were 1.92M and 21.3 kJ mol"', respectively. Compared 
to the wt values, K65P was stabilized by ~5 kJ mol"'. L83P was slightly more stable 
than wt. The change in AGu was within error, but it was more stable when their Y>Vi was 
compared. A94P was insensitive to the proline substitution. Its D-/, and AGu values were 
very similar to that of the wt (Table 3.2). 
The fact the K65P is stabilizing reinforces the suggestion that a proline residue at 
this particular position contribute to the stability of both thermophilic and mesophilic 
homologues of L30e proteins. Taken together, our results strongly suggest that the 
stabilizing effect of proline residue is position-dependent. 
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Figure 3.6 Stability curves of mesophilic yeast L30e wt and a) proline mutants; b) 
multiple mutants. K65P was most stable among all mutants. L83P was slightly more 
stable then wt. A94P and triple mutant TDP (L92TE93DA94P) shared similar stability 
with wt. With an additional site-directed mutagenesis of LI 031，the quadruple mutant 
TDPI (L92TE93DA94P L103I) had lower stability than the TDP triple mutant and wt. 63 
Table 3.2 Thermodynamic parameters of yeast L30e and their mutants obtained 
from GdnHCl induced denaturation. The multiple mutations L92TE93DA94PL1001 
and L92TE93DA94PL100I were named simplified as TDP and TDPI respectively. 
Yeast Corresponding 
L30e position(s) in T. celer 
L30e Dv^ /M AQkJmor' AAQkJmoI"' 
^ 1.46 ±0.01 ± L 8 
K65P P59 1.92 ±0.03 0.46 ±0.03 21.3 士 2.1 5.14 士 2.90 
L83P P77 1.53 ±0.03 0.07 ±0.03 17.0 ± 1.9 0.83 土 2.55 
A94P P88 1.45 ±0.03 -0.01 ±0.03 16.1 ± 1.8 -0.11 ±2.49 
TDP T86, D87, P88 1.43 土 0.02 -0.03 士 0.03 15.9 ±1.7 -0.28 ±2.47 
TDPI T86, D87, P88,194 1.21 ±0.02 -0.25 ±0.02 13.4 ± 1.5 -2.80 士 2.28 
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3.3.3 Substitution with consensus sequences did not improve the stability of 
yeast L30e 
Another way to identify the amino acids that are crucial for the protein stability is 
to use the "consensus concept" of amino acid usage among mesophilic L30e. The 
consensus concept suggests that in a sequence alignment of homologous proteins, the 
consensus amino acid contributes more than average to the stability(Lehmann and 
Wyss 2001). By sequence alignment, the consensus sequences of mesophilic L30e were 
aligned. Most mesophilic L30e tend to have a proline residue at the corresponding 
position of Ala94 of yeast L30e. However, it has been shown that in Section 3.3.2 that a 
single proline substitution, A94P, showed no effect in stability. The amino acids around 
Ala94 are the Leu92, Glu93, Ala94 and Leu 100 in yeast L30e. The corresponding 
consensus residues at these positions are Leu92, Asp93, Pro94 and He 100 (Figure 3.7). 
To investigate whether the conserved residues around Ala94 has any contribution to the 
stability, multiple mutants, TDP (L92T/E93D/A94P) and TDPI 
(L92T/E93D/A94P/L103I), of yeast L30e were constructed, and their stability 
parameters were measured. Our data showed that triple mutant TDP had similar 
stability as A94P, its Dy, and AGu values were 1.43 M and 15.9kJ mol"'. With one more 
mutation at LI031，the quadruple mutant TDPI had a decrease in stability. The Dy, and 
AGu values decreased to 1.21 M and 13.4 kJ mol"' (Table 3.2，Figure 3.6b). 
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Figure 3.7 The consensus sequence of mesophilic L30e proteins. These L30e 
proteins were from 1. Arabidopsis thaliana, 2. Branchiostoma belcheri, 3. Euphorbia 
esula, 4. chicken, 5. Kluyveromyces lactis, 6. Leishmania major, 7. Lupinus luteus, 8. 
human, 9. Oryza sativa, 10. Schizosaccharomyces pombe，11. Spodoptera frugiperda, 
12. Trypanosoma brucei brucei and 13. maize. Yeast L30e had Leu92, Glu93, Ala 94 
and Leu 100 and the consensus amino acids were The92, Asp 93，Pro94 and lie 100. 
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3.4 Temperature dependency of the stability of the mutants of T. celer L30e 
The stability in terms of AGu was measured by guanidine-induced denaturation at 
298K. The result reflected only the stability of the protein at room temperature. To 
understand the behaviour of the protein at higher temperatures guanidine-denaturation 
experiments at 35-75°C were performed and the value of free energy of unfolding, AGu, 
at these temperatures were obtained. The values obtained showed the stability of the 
protein at these higher temperatures. Having the results obtained at 35-75°C with 10°C 
interval, the trend of change in stability versus temperature was studied. At the extreme, 
the result obtained at elevated temperature, say 75°C, were directly compared and the 
stabilities at high temperature were characterized (Figure 3.8). 
Apart from the guanidine-induced denaturation, thermal unfolding is another way to 
reflect the stability of proteins. Thermal denaturation at physiological pH was carried 
out. A more thermostable protein should have a higher Tm. 
3.4.1 The trend of AGu was consistent through 25 to 7 5 � C 
To investigate the thermostability of the mutant protein, we performed the 
guanidine-induced denaturation at 35, 45，55, 65, and 75 °C. AGu at each of these 
temperatures were obtained and was reported in Table 3.3. For easy comparison, AGu 
was plotted against the temperature in Kelvin in Figure 3.9. 
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The investigation of the free energy of unfolding may give us a better picture of how the 
thermal stability of a protein changed as a function of temperatures. As a protein having 
a higher free energy of unfolding obtained in a guanidine-induced denaturation at room 
temperature may not give the same in elevated temperature. Our data showed that in the 
case of T. celer L30e mutant proteins, the trend of stability changes was consistent at 25 
°C and higher temperatures. 
The alanine mutants were compared and P59A was the least stable at all the range 
from 25 to 75°C. Alanine substitution at 77 and 88 did not change the stability even at 
high temperatures. P43A was slightly less stable that wt after the temperature rose 
beyond 25°C. For glycine mutants, P59G was the least stable. P43G and P88G were 
also less stable than wt. When we compare the mutants at individual position, the 
glycine mutants were often less stable then the alanine mutants (Figure 3.9). P77G 
stayed, again, as the exception that it had similar stability to the P77A and wt. 
3.4.2 Melting temperatures of T, celer L30e mutants determined by thermal 
denaturation 
In trials with phosphate buffer at pH 7.4，most protein denatured irreversibly. 
Therefore, 100 mM NaCl was added to avoid irreversible precipitation in thermal 
denaturation. In this condition, the thermal denaturation of wt, P43A, P77A/G, P88A/G 
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was reversible, while that of P43G and P59A/G were still irreversible. In the case of 
irreversible denaturation, only apparent Tm was obtained as indicated with an asterisk in 
Table 3.4. 
P88A had a higher melting temperature than wt and it was the only mutant that had 
higher melting temperature than the wt. Its Tm was about 2.9°C higher than wt. But with 
a glycine in the same position, the stability of the protein drastically dropped, making 
P88G had the least Tm among all the reversibly thermal-denatured mutants. P77A and 
P77G showed the least change in stability upon mutation. Their stability was about 1° 
C deviated from the wt. The stabilities of the P77A/G pair were similar. Other glycine 
mutants had lower Tm than alanine mutants and wt. 
In Figure 3.11，the region where temperature nears to the melting temperature was 
plotted against AGu, which can only be determined reliably for those proteins with 
reversible thermal denaturation. By referring to the AGu versus temperature graph 
(Figure 3.10), AGu, comparison at 365K (=92°C) could be easily obtained. Consistent 
with the trend of AGu observed in guanidine-induced denaturation experiments, P88G 
was less stable than P88A, and the stability of P77A/G were similar to that of wt. 
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Figure 3.8 AGu versus temperature of T. celer L30e and alanine mutants. Free 
energy change of unfolding (AGu) obtained by GdnHCl induced denaturation at 
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Figure 3.9 AGu versus temperature of T. celer L30e and its mutants. The alanine 
and glycine mutants were compared. The only glycine mutant that kept its stability as 
its wt was P77G. The curves in c) could well overlay to each other. The other glycine 
mutants showed lower stabilities than their alanine mutants. 
71 
110' r ^ - — � V 丨 ‘ 
、 ： 
1。1 W v 
\ , ， ( \ \ 
wt � � \ \ 
-5000「 - " - P A S G \ V \ -[ � : \ \ ‘ � P88A \ ‘ ‘ � 
…--— 為 
-1 104 L_ L � � • � � 
355 360 365 370 375 380 
T/K 
Figure 3.10 The linear region of thermal denaturation ofP43G, P77A/G, P88A/G at 
0.02M Na2S04, lOmM PB 7.4，physiological pH. When AGu was plotted against 
Temperature, at the region when T was near to Tm, AGu would change at a linear scale. 
The horizontal line at AGu =0 assisted the comparison of Tm of the reversible mutants. 
The vertical line at 365K (92°C) indicates a point of AGu comparison of their thermal 




Table 3.3 Thermodynamic parameters of T. celer L30e wt and their mutants 
obtained from GdnHCl induced denaturation at room temperature. The AGu were 
calculated with an average m5 values 
A G „ a t 2 5 � C AG„ at 35°C AG„ at 45°C AG„ at 55°C AGu at 65°C AG„ at 7 5 � C 
^ 47：2 ： W a H J ^ 
P43A 47.7 46.3 42.1 37.1 29.1 20.5 
P59A 43.9 43.7 39.8 34.5 26.6 17.2 
P77A 48.8 47.6 43.8 38.3 30.1 20.7 
P88A 47.8 48.7 44.0 38.8 29.9 21.5 
P43G 44.9 44.8 40.8 35.4 27.1 17.4 
P59G 39.8 39.8 35.9 31.2 24.2 15.7 
P77G 48.2 47.3 42.9 38.0 30.0 21.1 
P88G 44.9 44.5 39.9 34.5 26.1 16.7 
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Table 3.4 Melting temperatures (Tm) of the T. celer L30e wt, alanine and glycine 
mutants at physiological pH buffer with salt (lOmM PB, lOOmM NaCl, pH 7.4). The 
asterisks indicate apparent Tm was obtained because those mutants (P43A, P59A and 
P59G) heavily precipitated during thermal denaturation. 
Tm/C� • ATn,(mutant-wt/C° AT^CJ-A/C� 
Wt 94.1 土 0.08 -
P43A •93.0±0.60 '-1.22 
P59A '91.4±1.47 •-2.76 
P77A 93.1 土 0.68 -1.05 
P88A 97.0±0.63 2.80 
P43G 91.9±0.62 -2.24 -1.02 
P59G •90.2±0.30 *-3.98 -1.22 
P77G 93.2±0.31 -0.96 0.09 
P88G 89.4±0.79 -4.74 -7.54 
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3.5 pH dependency of melting temperatures 
Some mutants precipitated at thermal denaturation at physiological pH. For these 
mutants, P43G and P59A/Q only the apparent Tm was obtained. It is known that in 
lower pH, proteins have lower tendency to aggregate irreversibly during denaturation. 
Therefore thermal denaturations were carried out at lowered pH where all the mutants 
were thermal-denaturated reversibly. 
A range of thermal denaturations at pH from pH 2.0 to pH 7.0 with 
citrate/phosphate buffer were carried out, and the change in Tm with pH was shown in 
Figure 3.11. The trend of stability from pH 2.0 to pH 4.5 was that all alanine mutants 
except P59A were more stable than wt, and all glycine mutants except P77G were less 
stable than wt. 
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Figure 3.11 Tm of 7： celer L30e wt, alanine and glycine mutants was plotted against 
pH. 
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3.5.1 ACp values of the P59A/G mutants determined by van't Hoff's analyses 
increased significantly 
Tm and AHm of T. celer mutants were measured in a range of pH, from pH 2.0 to 
pH 5.0 by thermal denaturation. Only the reversible thermal denaturation were fitted to 
the van't Hoff's equation and ACp values of these mutants were obtained. (Figure 3.12). 
The mesophilic L30e has a lower ACp value than the thermophilic one(Lee, Allen et al. 
2005), even with similar packing and polar and apolor accessible surface area. ACp 
values did not change in P77A/G mutation, which was around 4 kJ mol''. Small 
increases in ACp, ranging from the change of 0.19 to 0.98 kJ mol"' K"', were observed in 
P43A/G and P88A/G mutation. The ACp values were determined indirectly using the 
van't Hoff analyses have a discrepancy from the directly by differential scanning 
calorimetry (DSC) (Chaires 1997). ACp values obtained had large noise level. Therfore, 
the most significant changes in ACp values (1.42 kJ mol'' K'') observed in P59A/G 
were interpreted (Table 3.5). 
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Figure 3.12 Van't Hoff plot of T. celer and it mutants. AHm values and it 
I 
corresponding Tm values obtained in buffer with a range of pH from 2.0 to 5.0. ACp of 
these proteins were the slope of the plot. 
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Table 3.5 The heat capacity change of T. celer alanine and glycine mutants. 
ACp / kJmol ' K-i AACp(mutan_ / kJmol-i K " AACp(G-A)丨 kJinoF^ K ] 
^ 4.02 士 0.11 
P43A 4.88 ±0 .16 0.86 
P43G 5.00 ± 0.19 0.98 0.12 
P59A 5.43 ±0 .29 1.42 
P59G 5.44 ±0 .22 1.42 0.00 
P77A 4.00 士 0.29 -0.01 
P77G 3.93 士 0.28 -0.09 -0.08 
P88A 4.60 士 0.30 0.58 
P88G 4.21 ±0 .38 0.19 -0.39 
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3.6 No structural change was observed in the crystal structure of P59A 
Rod shape crystal was obtained by vapour-diffusion-sitting-drop method at 290K 
by mixing 2ul of protein sample with 4ul of reservoir solution containing O.IM HEPES, 
pH 7.5 over a 500ul reservoir solution in a 24-well plate. Cryo-protection was achieved 
by soaking the crystals in 20%(v/v) PEG400, O.IM HEPES, pH 7.5 for 5 minutes. The 
crystals were mounted on a cryo-Ioop and flash-frozen in liquid nitrogen. A complete 
diffraction data set, consisting of 180 frames, were collected from a single crystal in 1° 
oscillation step at lOOK using a in-house CuKa X-ray source at the Medical Research 
Council Laboratory of Molecular Biology, Cambridge, UK (Lee et al., unpublished 
data). 
The diffraction data were processed, merged, scaled and reduced with programs 
(MOSFLM, SCALA, TRUNCATE) from the CCP4 suite.(1994) The structures were 
solved by molecular replacement using MOLREP, using the crystal structure of 
wild-type T, celer L30e (lh7m) as the search model. A model was built using the 
program XTALVIEW(McRee 1999). Refinement was performed using the 
simulated-annealing protocol implemented in the CNS package(Brunger, Adams et al. 
1998) and REFMAC(1994). The refined structures were validated using 
PROCHECK(Morris, MacArthur et al. 1992; Laskowski R A 1993) and 
WHATIF(Hooft, Vriend et al. 1996) implemented in the structure validation server 
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(http://biotech.ebi.ac.uk:8400). The detail of the data collection is summarized in Table 
3.6. 
The structure of P59A mutant was determined by x-ray crystallography at 
resolution 1.77A. Thermodynamics measurement suggests that P59A was the only 
P->A mutant that resulted in a destabilized mutant (Chapter 3.2.2). From the crystal 
structure of P59A, no large structural change at the backbone was observed (Figure 
3.13). The r.m.s.d of the backbone carbon of P59A and the wild type structure was 
0.42A. No side chain arrangement was observed (ref abt side chain rearrangement). 
Local backbone position at P59A (O/^ = 138.9/-63.7) did not show any significant 
change = 147.3/-60.0). Our results suggest that destabilization of P59A 
substitution was not caused by structural changes, but was likely due to the increased 
configurational entropy of the substituted alanine residues. 
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Table 3.6 Data collection and structure statistics of P59A 
Crystallization conditions 
A. Diffraction data collection 
X-ray source Cu Ka 
Space group PI 21 1 
Resolution (A) 1.77A 
Molecules per asymmetric unit 1 
Unit cell dimension (A) a, 23.194; b, 53.802; c, 34.174 
Unit cell angles (deg.) a, 90.00; (3, 109.36; y, 90.00 
Multiplicity 3.3 
Completeness (%) 99.6 
Mean I/o (I) 24.90 
Rmerge 4% 
Unique reflections 7622 
B. Structural refinement 
R-factor/Rfree (%) 19.024/24.797 
r.m.s.d. from ideal values 
Bond distance (A) 
Bond angles (deg.) 
Ramachandran plot analysis 
Most-favoured region (%) 98.8 
Additionally allowed region (%) 1.2 
Other (%) 0 
Ca r.m.s.d. with wild-type T celer L30e 0.42A 
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靜 . _ 
Figure 3.13 (a, upper) Not significant structural change between the backbone of 
wild type and the P59A mutant. The whole overlay of wild type (blue) and P59A 
(yellow). Residue 59 are highlighted. Going into the residual structure of the mutation 
site (b, lower), there is also no large change in backbone arrangement of the residue 59. 
Backbones of T. celer L30e wt (PDB ID 1H7M) and P59A (PDB ID 1W3E) overlay 
each other with r.m.s.d. of 0.42人. 
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4 Chapter Four Discussion 
T. celer and yeast L30e proteins share high proportional of identical amino acid 
composition (about 37%) and a highly super-imposable structure (r.m.s.d. about 2A). 
The thermodynamic parameters, including the melting temperature Tm and free energy 
of unfolding AGu of both proteins were published (Wong, Lee et al. 2003). Mutants 
were created to test for the contribution of the thermostability and heat capacity of 
charged residues have been investigated. The charge-to-neutral mutants have decreased 
melting temperature with increased heat capacity change of unfolding (Lee, Allen et al. 
2005). Apart from the extra charge observed in the thermophilic homologue, extra 
proline residues, as in other thermophilic and mesophilic homologues(Watanabe, 
Chishiro et al. 1991), are observed. There are three extra proline residues, namely 
Pro59, Pro77 and Pro88 in the thermophilic homologue. There is as well one conserved 
proline residue, Pro43 in both the thermophilic and mesophilic homologue. In this 
investigation, we examined, first, whether the conserved proline in our study model 
plays a key role in stabilization and; second, the role of proline residues in the 
thermostability in the thermophilic ribosomal protein T.celer L30e. The four proline 
residues in T.celer L30e were mutated to alanine and glycine residues respectively. To 
verify the role of proline, proline was substituted at the corresponding positions of the 
yeast L30e. Thermodynamic parameters of those proline mutants were obtained. The 
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theoretically role of proline residue in decreasing the configurational entropy at 
unfolded state was studied. The decrease in configurational entropy in unfolded state 
reduce the difference in the free energy level of the folded and unfolded states, thus a 
higher free energy of unfolding AGu is resulted in proteins with more proline residues 
(Matthews, Nicholson et al. 1987). 
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4.1 The trend of stability from guanidine-induced denaturation agreed with 
that from thermal denaturation 
We had examined the stability of the thermophilic homologue T. celer L30e wt and 
its mutants by guanidine-induced and thermal denaturation. The P59A/G pair was the 
most destabilized among other mutants. This finding was consistently observed in 
guanidine-induced denaturation at 25-75°C and thermal denaturation. P43A and P88A 
were the least affected by alanine substituted. In all the three experiments, they had 
similar stability as wt. When these residues were mutated to glycine, the losses in AGu 
were similar. Their AIa->GIy mutation showed good examples for gaining entropy in 
Ala->Gly mutation. P77A/G pair was insensitive to the substitution. No matter an 
alanine or a glycine was substituted, the stability of the mutant protein was similar to 
the wt. The insensitivity of the P77A/G mutation to protein stability was showed in both 
guanidine-denaturation and thermal denaturations. 
It is clear from our data that each Pro—Xaa mutation adopted a position dependent 
effect on protein stability: some mutations did not change entropic effect much, while 
some mutations even brought stabilization. These effects were discussed in the 
following sections. 
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4.2 The magnitude of destabilization of P59A and Ala->Gly mutation was 
consistent with the expected destabilization due to the increase in entropy 
P59A 
P59A was the only destabilized ？->A mutant. The Pro-^Ala mutation decreased 
the AGu by 3.9kJmorV By considering the backbone contribution to the entropy of 
unfolding, Nemethy et al. (Nemethy G 1966) estimated a proline relative to an alanine 
had a configurational entropy of -4.0 cal/deg.mol (where 1 cal = 4.184J, at 25°C, which 
equals 17 Jmol]). In the case of P59A, the -TAAS value should be 5.0 kJiriol'^. From 
our experimental data, the decrease of AGu was 3.9 kJmor\ which was about 80% of 
the theoretical result. Considering the simplification of the theory, which just assume 
the change was solely entropic, destabilization of P59A could be said to be mainly 
entropy driven. Compensation by other changes in stability, e.g. enthalpy and other 
stabilizing effects, other Pro—Ala mutants would be just summing up the effect of all, 
showing insensitive in the alanine substitution. 
In T. celer L30e, P59A/G pair was the most destabilized among all mutants; in the 
meosphilic homologue of yeast L30e, K65P was the most stabilized. Taken together, a 
proline residue at this particular position in L30e protein was crucial to its stability. 
Among the four sites of proline residue, the most burial site was Pro88, which has the 
side chain ASA of 30.37A，whereas Pro59 has side chain ASA value of 74.15A. With 
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reference to the crystal structure of the wt and P59A, residue 59 was on the extension of 
the hydrophobic core (Figure 4.1a). The environment around residue 59 is hydrophobic. 
Likewise, opposite to the Pro59 in the crystal structure of T. celer L30e, there is Lys33 
residue (Figure 4.1b). With the mutation of Lys-^Ala, a mutation from a polar side 
chain to a non-polar side chain, the stability slightly increased with the measurement of 
guanidine-induced denaturation at room temperature (Lee et al., unpublished data). The 
hydrophobicity of this region was retained for the integrity of the protein with the 
presence of the denaturant. 
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Figure 4.1 The micro-environment of Pro59. The microenvironment of Pro59 is 
very hydrophobic, (a, upper) The location of Pro59 was indicated. It is at the 
hydrophobic core of the protein. Where the grey coloration indicates the hydrophobic 
residues, (b, lower) The magnified position diagram of the site where Pro59 is located. 
Lys33 is located next to Pro59 and both of their side chains are depicted in the diagram. 
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AIa->GIy mutations 
The effect ofPro->Ala mutation was complicated by the fact that the alanine has a 
free backbone NH group for formation of stabilizing H-bond, which may counteract the 
destabilizing entropic effect of Pro^Ala mutation.(This will be discussed further in 
Section 4.5). Comparing to Pro->Ala mutation, alanine and glycine are much more 
similar for they both have the free backbone NH group, and have small non-polar side 
chain. The effect on stability brought by Ala->Gly mutation should be mainly entropic 
in nature, and other complicating factors should be smaller. Free energy of unfolding by 
Ala->Gly mutation was obtained by comparing the AGU(G-A) ofPro-^Ala and Pro今Gly 
mutations. 
A59G, A77G and A88G mutants were less stable than their alanine mutant by 
AAGu experimentally ranges from 2.8 to 4.2 kJ mol"^  (Table 4.1). The loss of 
configuration entropy of alanine to glycine mutation was as well estimated by Nemethy 
et al (Nemethy G 1966). The backbone contribution of entropy of unfolding of alanine 
relative to glycine was 2.4cal/deg.mol (where 1 cal = 4.184J, at 25°C which equals to 
lOJmol]). The theoretical entropic contribution should be 2.99kJmor'. The good 
agreement of the AGU(G-A) value of A43G and A88G mutants to the theoretical value 
indicated the Ala—Gly mutations were better ways in investigating the role of entropy. 
The complications by other factors, like the hydration parameter, have been reduced. 
90 
A 
The effect of AGU(G-A) was the greatest in A 5 9 G , where the decrease in AGU was 4 .2 
kJmol-i，which was 1.4 fold of the theoretical value. 
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Table 4.1 The solvent accessible surface area (ASA) of the backbone amide group 
of native T. celer and yeast ribosomal protein mutants. In native T. celer，wt contains 
Pro of which ASA is minimal, <0.2 A ,^ and is not able to form H-bond with surrounding 
water. P43A has the largest solvent ASA and is most readily to form H-bond to the 
surrounding water molecules. In yeast, the ASA are calculated from both NMR 
structure 
Protein Structure Amide group of position Solvent ASA /A^ 
studied 
T. celer lh7m P43A Ala43 ~ 
P59A Ala59 4.28 
P77A Ala77 6.56 
P88A Ala88 2.81 
P43G Gly43 13.15 
P59G Gly59 7.35 
P77G Gly77 11.76 
P88G Gly88 4.72 
yeast Inmu K65P Lys59 3.06 
L83P Leu77 0 
A94P Ala88 2.96 
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4.3 Entropic effect had little effect for residues in flexible region 
Free energy of unfolding is determined by the difference in energy levels of the 
folded and the unfolded protein. With a P r o A la mutation, the configurational entropy 
in unfolded state is expected to increase. The energy level of the unfolded state reduces 
and thus the difference in their level, AGu, is reduced. The entropic effect was assumed 
to be equal in all proline positions, i.e. assume that only the unfolded states of the 
proteins were affected. If the introduction of alanine residue was in a highly flexible 
position, where the entropy was already high; the increase in entropy by this mutation 
should be less that the same Pro->AIa mutation in the rigid parts of the protein. P77A is 
located at the flexible loop region of T. celer L30e. 
The possible reason for the unchanged in AGu in P77A would be its high mobility 
in the folded state. The thermal factor, B value, from crystallography data was taken 
into account (Figure 4.2). The B-factor, relates to the mobility of the atoms, was high at 
and around the residue Pro77. This was consistent to the previous study by Herning et 
al(Heming, Yutani et al. 1992) and Yutani et al.(Yutani, Hayashi et al. 1991) in dealing 
with proline mutants with high B-factor. The result was further proven by comparing 
the accessable surface area (ASA) of the proline. Go and Miyazawa(Go and Miyazawa 
1980) estimated that the standard ASA value for a proline residue in a random coil 
conformation was 155.SA. The total ASA of Pro77, from the structure of wild type 
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(PDB ID 1H7M)，is 143.68A. With reference to the literature, Pro77 was 92% of the 
random coil character. In accordance to the estimation, the conformation at Pro77 site 
was similar in folded and unfolded states, which are both close to random 
conformation. 
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Figure 4.2 Pro43 was at N1 residue at a-helix 3 of Z celer L30e 
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4.4 Stabilization forces that compensate the entropic effect 
The effect of overall entropy of unfolding of the replacement of proline by alanine 
should be similar. However, the Pro-^Ala mutants did not give us a trend in change of 
stability in the Pro->Ala mutation. The underlying message would be some other 
effects were in play. In some investigations Pro-^Ala mutations did not change the 
proteins' free energy of unfolding. Pro->Ala mutation may not only affect the entropy, 
but other parameters, e.g. release the strain of the protein, preventing aggregation in 
domain boundaries(Schymkowitz, Rousseau et al. 2000; Steward, Adhya et al. 
2002).These effects stabilized the alanine mutants. These stabilizing effects 
counteracted the entropic effect and the protein appeared to be insensitive to alanine 
substitution. In other studies with the site-directed mutagenesis, the effect of stability 
by single amino acid mutation is highly context dependent. 
In this sense, studying the protein structure was essential. Only Pro 43 and Pro59 
were part of the secondary structure, Pro77 and 88 were at the loops. Pro 43 and Pro59 
were at the N1 position of the a-helix 3 and N1 position of P-sheet 3of T. celer L30e 
respectively (Figure. 4.3). 
The force to maintain the stability of P43A was due to the alanine as a good helix 
capping residue(Serrano, Kellis et al. 1992; Serrano, Neira et al. 1992; Serrano, Sancho 
et al. 1992). The destabilization of the a-helix by Ala 今 Pro substitution is 3.6kJmor' in 
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barnase. When the proline was substituted by alanine, the change in stability by entropy 
was counteracted by the effect brought by the stabilization of helix capping, though the 
stabilization of the helix-capping effect could quantitively only counteract 70% of the 
stability lost in entropy. The discrepancy may due to the difference in values of the 
stability brought by helix-capping residue or other effects were as well stabilizing the 
mutant. 
The case was more complicated in the case of (3-sheet. The effect of individual 
residue depends heavily on the context of both secondary and tertiary structure, and 
local interaction can far outweigh intrinsic propensities(Minor and Kim 1994; Minor 
and Kim 1994; Smith, Withka et al. 1994; Otzen, Rheinnecker et al. 1995; Smith and 
Regan 1995; Ramirez-Alvarado, Blanco et al. 1997). 
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Figure 4.3 Pro77 has a high B-factor. The B-factor of Ca bond was plotted against 
the residue number of wt T. celer L30e, lh7m. From the graph, region around residue 
77 has a very high B-factor and therefore is most flexible. 
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4.5 Compensatory stabilization due to the release of amide group 
4.5.1 Intra-molecular H-bond in P88A 
Hydrogen bond exists between a H donor and a H acceptor with less than 3A 
distance. The hydrogen bond was a stabilizing factor to keep the thermophilic proteins 
thermostable. Thermostability of proteins has been correlated to the formation of 
H-bond. Tanner et al. (Tanner, Hecht et al. 1996) has correlated the thermostability of 
GAPDH to the number of charge-neutral H bonds, i.e. between the side chain atom of a 
charged residue and either the main chain atom of any residue or a side chain atom of a 
neutral residue. The increased number of hydrogen bonds were observed in 
thermophilic T.maritima ferredoxin(Macedo-Ribeiro, Darimont et al. 1996). 
With the Pro今 Ala/Gly, the backbone amide was released from the removal of the 
pyrrolidine ring bound to the backbone amide to a free backbone amide. The release of 
backbone amide allows the formation of hydrogen bond to H-acceptor within 3 A of the 
amide group. The H-acceptor may be a side chain of nearby residues or even from the 
solvent, i.e. the oxygen atom in a water molecule was as well a H-acceptor. From the 
wild type structure, we have a preliminary investigation of the potential formation of 
the hydrogen bond. 
From the wild type structure of the T.celer L30e and the structure of mutant P59A, 
the potential of new hydrogen bond formation was investigated. In P59A crystal 
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structure, with the release of the backbone amide, there were no potential in forming 
H-bond. By homology modeling by SwissModel server, the modeled structures in P43, 
P77 and P88 were obtained. P88A release amide group could form H-bond with the 
oxygen atom of the next Asp87 residue (Figure 4.4). 
Hydrogen bond highly depends on the distance between the H-donor and the 
H-acceptor. In the case of P88A, the H-donor and H-acceptor were 3A apart, which 
highly encourages the two atoms form a new H-bond, as viewed by the modeled 
structure by SwissModel. Though the real distance between the two atoms is only 
revealed in the crystal structure of P88A, which was not available by now. The 
formation of a new hydrogen bond may stabilize the protein. Stabilization effect of 
H-bond was quantified and was said to be comparable to the contribution of 
hydrophobic interaction(Shirley, Stanssens et al. 1992), one of the major factors for 
proteins to attain stability. The individual H-bond contributed an average of 
1.3kcalmol-l (leal = 4.184J, which equals 5.439kJ) in RNase T1 (Shirley, Stanssens et 
al. 1992). Though the stabilization brought by the H-bond in P88A and Asp87 was not 
quantified, with reference to the RNase Tl, the stabilization by the formation of H-bond 
could offset the destabilization brought by entropy, which was 4.987 kJmol"' (Chapter 
3.2.2). The stabilization reflected in Tm but not the AGu may account on the 
stabilization brought by the formation of H-bond which stabilize the folded structure of 
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P88A. 
However, among the good agreements, P88A was measured to be more stable in 
thermal denaturations. Comparing the guanidine denaturation and the thermal 
denaturation, there was one significant difference between how the protein was 
denatured - protein was denatured by heat energy in thermal denaturation, but in 
guanidine-induced denaturation, it was denatured by the presence of chaotropic 
molecules. Guanidine hydrochloride is a charged molecule. In guanidine-induced 
denaturation, the effect ofH-bond may be screened out by the guanidine hydrochloride. 
Thus the stabilizing effect was more significant in thermal denaturation. 
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Figure 4.4 The H-bond formed by the released amide of the P88A mutation and the 
side chain of the next residue, Asp 87. 
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4.5.2 Solvent-protein H-bond in P43A 
As explained in Section 4.5，the Pro->Ala mutation releases the backbone amide 
of the amino acid. The released backbone amide can form hydrogen bond with the 
surrounding H-acceptor, including with the neighboring residue as in the case of P88A， 
or to the surrounding water molecules. The released amide may form H-bond to the 
amino acid chain as well as the solvent in the surroundings. The pyrrolidine ring of the 
proline residue contains more methyl group than the alanine residue and bound to the 
amide group of the backbone. Therefore the Pro->Ala mutation should reduce the 
hydrophobicity as well the release of a polar group. These characteristics are favourable 
to the residue that faces the solvent, which is usually a polar solvent. The protein was 
stabilized by the increased hydration. 
By checking the structure of the residues, except the random coil like residue ？11, 
residue 43 was most solvent exposed. This highly due to the salt bridge formed by its 
neighboring residue Arg42 and Asp44. The salt bridge fix the backbone amide, once 
released, pointing to the solvent (Figure 4.5). The high accessibility of the amide group 
of Ala43, assessable surface area (ASA) was calculated by NACESS. The backbone 
amide of Ala43 was 7.75A, Ala59 4.28A and Ala88 2.80A (Table 4.1). Exposing polar 
group to the solvent should result in protein stabilization. The stabilization counteracts 
the entropic lost in Pro~>Ala mutation. 
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H-bond would be formed in the unfolded state, the effect of it worth the 
considerations as well. Fifty of unfolded states of the protein chain were simulated from 
the mutant amino acid chain. By comparing the ASA of backbone amide of the native 
and average of the extended states, P43A gained the higher difference in AASA (Table 
4.2). The high solvent accessibility difference among all alanine mutants made P43A 
uniquely benefited from the H-bond formed with the solvent. In other alanine mutants, 
no extra gain in solvent accessibility in the folded state prevent them the gain stability 
from the solvent. The negative values in P88A indicated that the residue was buried. As 
discussed, the released amide was forming H-bond with the neighboring Asp87, so it 
should not gain benefit from the solvent as well. 
ASA of the yeast L30e and the simulated extended states where calculated and 
tabulated (Table 4.3). The NMR data and the crystal data did not give a coherent result 
and therefore the stabilization by the reduction of amide group in Xaa->Pro mutants 
were difficult to predict. 
The effect of the exposing amide to the solvent stabilizing the protein was 
observed in our protein model. Some other Pro—Ala mutations may be benefited from 
such a case as well. Other protein which the crystal structure was available and its 
Pro->Ala mutation were investigated was collected and analyzed. From literature, 
stability parameters of Pro A la mutants of p31 sue 1 (Schymkowitz, Rousseau et al. 
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2000), rat parvalbumin a and P(Agah，Larson et al. 2003) ,Human tenascin(Steward, 
Adhya et al. 2002), human lysozyme A47P(Herning, Yutani et al. 1992) and T4 
lysozyme(Matthews, Nicholson et al. 1987) were available. ASA of the backbone N 
was calculated with N A C C E S S . A S A was plotted against AAGU(P-A) (Figure 4.6). The 
correlation of the backbone amide ASA to the AAGU(P-A) was moderate where the 
graph's R=0.67. This correlation was much larger than the removal of the exposure of 
the hydrophobic side chain of proline, where the R=0.44. 
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Figure 4.5 Upper panel, a) native state of wt Pro43, lower panel, b) native state of 
Ala43. The neighbouring residues Arg42 and Asp44 form two H-bonds and fix the 
position of residue 43. The amide group of Ala43 constantly point outward to the 
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Table 4.2 The accessible surface area (ASA) of the backbone amide group of T. 
celer ribosomal protein mutants. The extended polypeptide chain was simulating the 
denatured state of the protein. Only P43A/G and P77A/G mutants have a larger exposed 
area in the native state than the unfolded state 
T. celer A A S A ( N - U ) A A ASA ( G - A ) 
L30e Backbone N atom ASA/入2 /A^ /A^ 
Extended state (U) Native (N) 
P43A 5.40 士 1.51 W s i S s 
P59A 4.11 ± 1.45 4.28 0.18 
P77A 6.06 土 1.58 6.56 0.50 
P88A 6.75 ± 1.27 2.81 -3.94 
P43G 9.97 士 1.78 13.15 3.18 0.82 
P59G 9.06 ± 1.74 7.35 -1.71 -1.89 
P77G 10.30 士 1.54 11.76 1,46 0.96 
P88G 10.32 土 1.89 4.72 -5.60 -1.65 
108 
Table 4.3 The accessible surface area (ASA) of the backbone amide group of yeast 
ribosomal protein mutants. 
Mean unfolded state Yeast 
backbone N atom A accessibility (native -
accessibility Native unfolded) 
(A2)口 _ (A2) 
3.0 ±2.28 1.4 ±0.90 
Inmu 2.8 土 0.36 -0.21 
L83 3.7 ±2.00 2.6±2.89 
Inmu 0 土0 -3.65 
A94 6.9±1.U lck9 2.6±1.50 -4.34 
Inmu 3.3±0.49 -3.59 
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4.6 Consensus concept was not applicable in our model 
The sequence alignment of L30e ribosomal proteins in Figure 1.2 showed that, 
among the proline residues in T. celer L30e, Pro43 is conserved across species. When 
the conserved proline, Pro43, was mutated to alanine, the decrease in AGu, was within 
error (-0.1 kJ mol''). This indicates proline residue at this position was not conserved for 
the stability of the protein(Grinberg and Bernhardt 1998). The other non-conserved 
proline residues, Pro59, Pro77 and Pro88, had been mutated to alanine residue too. The 
stability of these Pro—Ala mutants varied. Pro—Ala mutation at residue 59 causes 
destabilization. Pro59 was not a consensus proline, but removing this proline result in 
severe destabilization of the protein thermostability. The proline residues in T. celer 
L30e were not conserved for the stability. 
The applicability of the "consensus concept" to L30e was also tested by 
introducing a consensus sequence to yeast L30e. However, the multiple mutant 
L92TE93DA94P mutant had similar stability as A94P. With one more mutation, the 
quadruple mutant L92TE93DA94PL1001 was destabilized. This again added evidence 
that the consensus amino acids were not for stability purpose. 
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4.7 Destabilizing Pro->Ala mutation increases the protein's ACp value, however 
enthalpy and entropy change were difficult to be decomposed 
The possible sources of ACp changes include the hydration of hydrophobic groups, 
hydrogen bonds, electrostatics, protein conformational entropy, vibrations terms and 
changes in equilibrium (Sturtevant 1977). ACp as the informative thermodynamic 
parameters of the protein, they can give the insight of the protein stability by 
decomposing the enthalpy and entropy component. 
As investigated by Lee et al.(Lee, Allen et al. 2005), ACp difference between the 
thermophilic and mesophilic L30e is large. The ACp of T. celer and yeast L30e are 5.3 
kJ mol-i K-i and 10.5 kJ mor' K"'. With ACp measured by van't Hoff's plot of the 
alanine and glycine mutants, increase in ACp in P59A/G was significant. The increase 
in ACp observed in P59A/G pair indicated that P59A/G mutant behaved more like the 
mesophilic homologue. 
By substituting the ACp, AHm, Tm at hand, AS, the entropy can be calculated. 
However, the error was too big to give a conclusive answer. At the present data at hand, 
the entropic and enthalpic contribution to the AGu could not be dissected by the 
information. Though the sign of the entropy change agreed with the theoretical value, 
the component could not be clearly separated. The discussion on entropic contribution 
was a qualitative rather than a quantitative one. 
I l l 
4.8 Concluding Remarks 
Proline to alanine mutation increases the configurational entropy of the protein at 
unfolded state. However, not all proline to alanine or even proline to glycine mutants 
had lower stability than the wild type. Proline has a bound backbone amide which is 
unique among all the 20 amino acids. Substituting a proline residue with alanine 
brought a serial of effects to the protein, and these effects were highly context 
dependent. It depended on the residue in protein's tertiary structure. Thus the stabilities 
of the alanine mutants vary. These effects include stabilization effects like helix 
capping, new hydrogen bond formation and hydration effect; flexible region reduces 
destabilizing entropic effect. Hydration effect was a new perspective in stabilizing 
solvent exposed proline to alanine mutation. Such effect enhances the solvation of the 
protein in water. The theory of configurational entropy is better shown in glyine 
mutants. The difference between alanine and glycine is only one methyl group. The 
mutation does not cause complicated effect. These rules can be applied to the 
mesophilic mutant and increase their stability. Consensus amino acid approach was do 
not helpful in enhancing the stability of our model protein. The conserved proline 
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